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ISINN-15 Preface

The 15™ International Seminar on Interaction of Neutrons with Nuclei: “Fundamental
Interactions & Neutrons, Nuclear Structure, Ultracold Neutrons, Related Topics™ (ISINN-15),
was organized by the Frank Laboratory of Neutron Physics of the Joint Institute for Nuclear
Research (Dubna, Russia). The Seminar continues the tradition of the FLNP annual
workshops and seminars in the field. ISINN-15 was held in Dubna, Russia from May 16 to
19, 2007. 107 participants attended ISINN-15 representing leading scientific centers of Czech
Republic, France, Germany, Republic of Korea, Romania, Russia, Slovak Republic,
Switzerland, and other countries. More than 70 oral and poster reports were presented at the
Seminar.

The seminar has traditionally attracted many scientists from all over the world, working in
the field of neutron nuclear physics. It became-traditional to discuss within Seminar the
problems of Life Sciences also. ISINN-15 program was not exclusion — two sessions
dedicated to the Nuclear Analytlcal Methods in the Life Sciences were held.

ISINN-15 gave the possibility to know about recent development in construction of the new
UCN sources promising outstanding parameters for providing experiments on neutron life
time, EDM search and other. First five sessions of the Seminar were dedicated to these
problems.

Traditional topics were preSeﬁted during sessions on reactions with charged particles;
nuclear data; violations of fundamental symmetries; nuclear structure and fission induced by
slow neutrons.

As usual many informal discussions took place in free time between and after sessions as
well as during the Welcome Party and Conference, Dinner. Favorable conditions for the
Seminar were provided by JINR Directorate. We would like also to acknowledge the
traditional support of the Seminar by the Russian Foundation for Basic Research (grant # 07-
02-06035-r). This allowed many scientists from Russia to take part in the Seminar and made

it possible to publish the Seminar Proceedings.

We wish to thank all the members of the Advisory Committee for their fruitful pfopositions
concerning the scientific program of the Seminar, the Organizing Committee and the
Secretariat for their efforts in preparation and holding of the Seminar.

ISINN-15 Co-chairmen
W.IL Furman
V.N. Shvetsov



NEUTRON GAMMA IRRADIATION METHOD
TO MEASURE NEUTRON INELASTIC SCATTERING CROSS SECTION USING VERY COLD
NEUTRONS

Arzumanov A., Bondarenko' L., Chemyavsky' S., Geltenbort? P., Morozov' V., Panin' Yu.
1. RRC KI, Moscow, Russia
2. ILL, Grenoble, France

Abstract

The method utilizes measurement with the help of a (HP)-Ge y-ray-detector by concurrent
countmg events of neutron capture and neutron up-scattering in the sample that is irradiated by a flux
of 'VCN. The capture event is accompamed by prompt characteristic y-rays with the well known
‘energies of y-quanta that correspond to isotopes composed the sample. The up-scattering event
transfers VCN into thermal neutron that flies away the sample and then being captured by a special
19B-converter generates y-ray with energy 477 keV. Both kinds of events are proportional to
- corresponding (capture and inelastic scattering) cross sections. Thus the ratio of registered counts of
both kinds events does not depend on neither parameters of VCN flux nor sample geometry. Finally the
required neutron inelastic scattering cross section is deduced from this ratio basing on known capture

cross section for main isotopes of the sample.

Introduction. The total neutron cross section for neutron energy lower than "Bregg's threshold” is
equal  to . 0y =0, + 0, + 0 Where 0y, o<1/v is cross section for. the inelastic scattering,
0, o< 1/v - same for capture, 07,4 - same for elastic coherent scattering and v is the neutron velocity
in the matter. The value 07,.,;<1 b and it does not dependent on v. An additional elastic scattering for

vefy cold neutrons (VCN) with velocity v<10 m/s becomes noticeable if the matter density has a
spatial heterogeneity. Corresponding cross section depends on both the neutron velocity and the
structure of matter heterogeneity. Existence of the elastic scattering causes indefiniteness of the neutron
»"way in the.matter that, in its turn, makes difficult to measure values of o;, and o, by the method of
neutron transmission through the sample with definite thickness, see [1,2]. While the neutron capture
cross sections are well known, the inelastic ones which depend on both tcmpcrature and phonon spectra
were poorly investigated. At the same tlmc, the precise knowlcdge of thcse cross section values is
’ ncccssary for:
1 determination of the reduced UCN loss coefficient at the wall reflection = =k(0o;, +0, ) (4rb)
" (where k is the neutron wave number and b is the coherent scattering length). It is required for the
fundamental neutron investigations by storage method (neutron hfcnme anomaly UCN losses etc.);
2. calculatlon the neutron lifetime in the matter 7=[nv(o;, +0, )] where n is the nuclei density.
) ,Thcsc values are rcqu1red for working up the new kind of UCN sources [3] and for cold neutron
storagc [4];
"3. solid state physics where o}, is calculated using different - theoretical models of the lattice
dynamics. The experimental data for o, was obtained for a poor material rank with a bad
- precision. :

Experimental installation. UCN with energy E of 50-200 neV come from TGV source of the ILL
High Flux reactor to the spectrum shaper which wall is coated by Fomblin oil with limited energy 106
neV, see fig.1.

guide section A

Measuring chamber

J1-guide
d7tmm
X Al-foil termal
monitor
150 cm
Measuring
chamber

Fig.1. Experimental installation scheme.

Leaving the shaper with E = 50-106 neV and accelerating in the vertical neutron guide 150 or
200 cm long and made of Ni, neutrons with E =200-255 or 250-305 neV hit the plane samplc of total
absorption placed in the chamber. The neutron flux and its absorption are controlled by the *He filled
neutron detector. The chamber has a '°B-converter and supplied with Ge(HP)-y-ray detector. The
capture event is accompanied by prompt characteristic y-rays with the known energies of y-quanta that
correspond to isotopes.composed the sample. The up-scattering event transfers VCN -into thermal
neutron that flies away the sample and then being captured by the 198_converter generates y-ray with

energy 477 keV at the reaction Wpins'Lita+ ¥(477keV). Both kinds of events are proportional to
corresponding (capture and inelastic scattering) cross sections. The ratio of registered counts of both
kind events does not depend neither on parameters of VCN flux nor sample geometry. The required
neutron- inelastic scattering cross section is deduced from this ratio basing on known capture cross
section for basic isotopes of the sample. ..

Set-up calibration. Main cahbratjon aim was to define the energy dcpendencc of the ratio &;,/.(E )

where ¢, (E,) is the efficiency to register y—quanta from the sample with energy E; and £, is the

registration efficiency of inelastic scattered neutrons using the count rate at the total absorption peak
with energy 477 keV. The 1% step of the calibration procedure was made with the Al-sample 2 mm




thick. Isotope ZTA] has arich characteristic y-ray spectrum with well defined yield ¥ Al (E;) . The count
. tate of the y-detector for y-ray with energy E; at the total absorption peak is equal to A

Al
o, . -
JL{“(E,-) =1y T:__(;,_Al_gf (E,-)y’“ (E;) where Iy is the incident neutron flux, af’,a,—’;l are neutron
Oc ie

capture and inelastic scattering cross sections at room temperature per one atom of the sample
correspondingly. Fig.2. presents data of £, (E,-) deduced from the set of experimental values J f_’ (E;)
(dots) and its interpolation curve (full line), the value of £, (E) is shown in related units as the flux Ip

was measured by the UCN detector with unknown absolute value of registration efficiency.
Then the energy dependence of the ratio &,/ EC(E) was measured using samples with known values of

cms§ sections a'f ,0',-‘5; (per atom) and chemical content (polyethylene: (CH 2 ),l , fluorine substituted oil
YL VAC 18/8: (F3CCF20CF2CF5 )n). Count rate at the total absorption peak with energy 477 keV is

equal to J5,(477)= Io——saT"—?e,-,y,-e (477) where ;,(477)=0.96 is the yield of y-quanta with
i k Oc ¥ 0 .

energy 477 keV from the reaction 18 4 n—'Li + @+ y(477keV). The corresponding count rate at the
peak of neutron capture with energy E; for definite isotope K is equal to .

. : s Nook
TE(E)=10P* =7 2o(Er " (B:) whero P =K%
’ oc O SNnol

m=1

, Ng,Np,are the atom quantities of

the basic isotope K and all isotopes m=1,2,...,M that compose the sample, O'CK ,o are their capture

M M

cross section (per atom), a'f = YN,o0'! ¥ N, and ;'K (E;)is the yield of y-quanta with energy E;
m=1 m=1 : : )

for isotope K. .,

SRR , , s K (e s

. So the ratio of £, /£, (E;) is equal to —Eje__ =—J—I‘("(i7—7)y—(5')-x P a_; .
e S 6'r:(Ei) Je (Ei)' Yie(477) Oie

chr the polyethylene calibrating sample it was measured the y-peak with energy 2223 keV from the

reaction (npdy) with yield y” (2223)=1. Under room temperature for polyethylene the following data

3 £.(2223)

S oS .
have place: | —£ |=16.4 and —fie__-0.27.

Mﬂgmgs_._ For a sample made of material X that contains a basic isotope:B the value of b'i)f is
X B(r. ; B
equ?l Fo o= O'EPB JxeB((47‘;)x Y 25‘17) X EC(E,) where PB = ILVBO'C
g JeEi) 7@ & EN[O}I..

: I=1
quantities of the basic isotope B and all isotopes 1=1,2,..., L that compose the investigated sample,

, Ng,Njare thc atom

10

o—f,o-i are their capture cross section (per atom), J ,-)f (477) is the count rate of y-quanta with energy
477 keV from '°B-convertor, Jf (E;)is the corresponding count rate at the total absorption peak of
basic isotope B with energy E, and yB (E;)is the yield of y-quanta with energy E; for isotope B.

The cooling supply allows change the sample temperature in the range 100-300K. So, the measurement
enables the value of 0',-';’ (T) as a function of the sample temperature. This method is applicable for any
complex material (alloys, polymers, hydrides etc) with gleﬁnite content of basic element with known
capture Cross section and investigated y-spectra.
26‘5 . . < - .: :A .
ogrt "%:;(E).'Felai;d'ﬁhit;s” :
gOxI -

i e b

400 o e

30x10°

A e

e o i o e e s e o

Ze6 et ae -
9t o : e

8x10*
x10*

Bx1Q?

_r-..__:_..'__;_r

Sx109 ; —
33 04 05 06 07 CHO9 4

Fig.2. Calibration of the energy dependence of the y-ray registration efficiency of y-detector. Dots

correspond to £,(E;) that were measured for row of energy E;, the curve presents its interpolation.

Results. Below on fig. 3 the temperature dependence presented for samples: solid polymers
Polyethylene and Teflon, metals Be, Al, Ni, Graphite for reactors and three types of liquid fluorine

polymers.

This investigation was made under the support of RFBR grant 06-02-16417-a and Grant of Russian
Research Center “Kurchatov Institute”.
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Authors are in a debt of gratitude to S.T.Belyaev and Yu.M. Kagan for their interest and support
of these studies.
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Abstract

We propose to perform a new high precision measurement of the neutron Elec-
tric Dipole Moment (nEDM). Our goal is to reach an accuracy of 5 x 1028 e.cm
or better, i.e an improvement of nearly two orders of magnitude over the present
best measurement. Our experiment will use the new spallation UCN source under
construction at the Paul Scherrer Institute and will optimize the in vacuum Ramsey
resonance technique at room temperature. -

1 Motivations

Electric dipole moments (EDM) of particles are direct signatures of T violation and, by
virtue of the CPT theorem, also of CP violation. Due to a unique CP violation phase,
the Standard Model (SM) predicts extremely small EDM values, far too small for the
present experimental sensitivity but also for the next generation of experiments. On the
other hand, most of its extensions like SUSY incorporate new CP violation mechanisms
and predict much larger EDMs. Actually, the present limit on the neutron EDM, d, <

lalso at PSI
2also at LPC
3also at University of Ziirich
4also at SMI Vienna
- ,
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2.9%107% e.cm [1], obtained by the RAL-Sussex collaboration at ILL in Grenoble, brings
already stringent constraints on the parameters of these models. Improving the accuracy
over the present limit provides therefore a valuable opportunity to observe new physics.

2 Experimental technique and ‘planning

Our experiment will optimize the in vacuum Ramsey resonance technique at room tem-
perature and use the new spallation source under construction at the Paul Scherrer In-
stitute [2]. It is expected to become operational towards the end of 2008 and to deliver
UCN densities of more than 1000 cm™3, i.e. almost two orders of magnitude more than
presently available at ILL. ~

The basic features of our experiment will include (i) an increased sensitivity due to
much larger UCN densities at the PSI source, larger storage volume, better polarization
product and possibly larger electric field strength, (ii) a better control of systematics
thanks to a double-chamber system, (iii) an improved monitoring and stabilization of
the magnetic field with an array of laser pumped Cs magnetometers, (iv) an improved
co-magnetometer system.

The final goal of 5 x 1072 e.cm will be reached in three steps: (i) operating and
improviﬁg the existing room temperature apparatus of the former RAL/Sussex/ILL col-
laboration until 2008 at ILL, while designing in parallel of a new spectrometer, (ii) gaining
a factor 5 in sensitivity to reach ~ 5 x 10~% e.cm with this upgraded apparatus at PSI in
2009-2010, (iii) running with a new apparatus at PSI in 2011-2015 in order to reach an
other order of magnitude improvement. '

Phase I: While the PSI UCN source is under construction we operate and improve
the apparatus of the former RAL/Sussex/ILL collaboration at ILL Grenoble. In order to
better control the systematic issues, the magnetic field and its gradients will be monitored
and sté.bilized using an array of laser optically pumped Cs-magnetometers {3, 4]. An order
of magnitude improvement compared to the existing field fluctuations within the typical
measurement times of 100 s appears certainly feasible. It is also necessary to improve
the sensitivity of the Hg co-magnetometer. Other improvements of the system concern
new materials, UCN polarization and detection as well as upgrading the data acquisition"
system. The hardware efforts are accompanied by a full simulation of the system.

Phase II: We intend to move the apparatus from ILL to PSI towards the end of 2008 in
order to be ready for data taking for about two years, 2009 and 2010. In addition to the im-
provements of phase I, an external magnetic field stabilization system and a temperature
stabilization are envisaged. Furthermore, work on developing a second co-magnetometer
using a hyperpola.rlzed (nuclear paramagnetism) noble gas species is ongoing and might
further improve the systematics control. . In'case of a successful development, also the

'l‘epla.cement of the Hg system together with an increase of the electric field strength may

become possible. In any case, we anticipate a five-fold sensitivity increase due to-the

- higher UCN intensity, corresponding to a new limit of about 5 x 10=%7 e.cm. In parallel

to the described activities, the design of a new experimental apparatus has been started
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Figure 1: Preliminary concebt of the future nEDM spectrometer.

and will be intensified in 2007. After a major deSIgn effort in 2008, construction of the
new apparatus will start in 2009.

Phase III: The new experiment will be an optimized version of the room-temperature
in-vacuum approach, featuring a double neutron chamber system, improved magnetic field
control and stabilization with multiple laser optically pumped Cs-magnetometers, and an

improved co-magnetometry system. Another order of magnitude gain in sensitivity will be

obtained by a considerable increase of the statistics due to a larger experimental volume

(xx/g),* a better adaption to the UCN source (x\/i), longer experimental running times

(x+/3) and by an electric field strength increase (x2). Completion of the new experimental

apparatus is anticipated by the end of 2010, with data taking to occur over 2011-2015.
A preliminary sketch of the future spectrometer is shown on fig.1.
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PROJECT FOR PRECISE NEUTRON LIFETIME MEASUREMENT
BY THE METHOD OF ULTRACOLD NEUTRON (UCN) STORAGE
WITH REGISTRATION OF INELASTIC SCATTERED NEUTRONS
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Abstract

The method and installation to measure neutron lifetime with precision better than one
second are described. The measurements will utilize the method of ultracold neutron
(UCN) storage with concurrent registration of neutrons that escape from the storage
vessels due to inelastic scattering. The analysis of statistical and methodical errors and
the estimate of achievable precision are presented.
Introduction. The precise neutron lifetime value is of a great interest for tests of the
Standard Model (SM) at physics of elementary particles. At SM the quarks mixing is
described by the unitary matrix by Cabibbo-Kobayashi-Maskava. In particular, the 1
line of the matrix is responsible for mixing of u,d, s,b quarks and its matrix
elements have to satisfy the unitary equation: |V,, [ +|V,, [ +|V,, '=1. The V,,-
value from neutron B-decay is equal to V,,|’ =£—Z°f—3i;—)s where 7,,- is the neutron
lifetime and A -value can be deduced from the correlation coefficient

AA+D
A=-2 1+34?
and world mean value (7, =885.7(7)s, [2]) lead to |V,,,|=0.9717(13). The last result
(3] on| Vys | = 0.225440.0021 from K- -decay with a small | Vio | value presents
| Vaa |24 Vi | 24| Vi |2 = 1~ A= 0.9997(40), where A = 0,0003(40) . At the same
time, the best result [4] on neutron lifetime, that differs from the world mean value on
6.5 standard deviations, 878.530.74+0.3ys:5, gives the value qud l 2y ’ Vs l 24 | Vb l z
= 1+ A ="1.0075(40) which is more than unit on about of 2c [5].
Thus it is of a keen interest to measure the neutron lifetime with a precision better
than one’second. Project presentcd below allows to rich the precision level at the
range of 0.5-0.9 s with measurement at High Flux Reactor beam PF2 at ILL.
UCN storage process. In the case of mono energy of UCN its amount N ) changes

with time ¢ as N(e)="N(0)exp{- Agt - 4;1) Where Ag=lfrg is the neutron f-decay
probablllty per time unit while the loss probablllty Ay presents two aspects of UCN
mteractlon with vessel wall: the UCN capture 1. and its inelastic scattering Aic- The

last process enlarges the -neutron: energy- into almost ‘thermal range. If the vessel
dimensions are comparable with the height of the UCN rise in'Gravity the time

at free neutron f-decay. The recent data of (Ag=-0.1 189(7) [

» dependence of N ( ) rema.ms ‘exponential while the UCN velocxty V and density n(z)

of UCN gas depend on the level z relatlvely to vessel bottom: (i) v —Jivo-zgzi

where Vo is' the UCN velocity at the bottom level and g is gravity “acceleration
constant;

(i) n(z)=_J1- {2‘“) whenz< Y8,
e Vo 28

O6nemueHHEN HHCTHTYT
SACPHAIX HCCAeL0BaHUIT
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The balance equation is equal to i[ [n(z)in‘ =1 [a(V)-n(z)vds - A [n(zHQ,
; dt{g 45 Q

where 7l =—2—'z’[arcsin(y)—y,h—y’| is the mean value of the loss coefficient (per one
y

collision), y=V/Viim+ Viimis the limiting: velocity of the wall material, parameter
7= k(g o+ Gig)! 4T beog With the coherent length beog, ocand o, ‘are the capture

and inelastic scattering cross sections correspondmgly, kis the neutron wave number.
The loss probability defined as ;= [ alv ) )-vds /(4[ n(z)dQ). Presenting this

value by two factors: A;=7x y(VO) where. }’(Vo) usually called as “geometry
factor”, depends on velocity and the vessels geometry and is equal to:

2
[Via arcsmL—-V— 1- ( v JdS
(s) Vin  Vim Vlim
2 [VdQ
)]

In the case when stored UCN has a spread veloc1ty spcctrum Flv,) the time

r{vo)=

dependency of UCN amount is equal to N(t)= JF (VO)exp((—r]y(Vo)—,l ﬂ)-t)dvo
0

that leads to the state equation %:— AlN=-2 g N where the loss probability is

Vmax

JFWo)rvolexp(-nr{vo)-)dvo
expressedby A4 () =7 ovm =n-¥(t).

(I) F(vo)exp(- 7Y(Vo)'t)d Vo'

The instantaneous values 4{f) and ¥(¢) for a rank of UCN spectrum can be presented

as j;(r)=ny(0)1- k) where y( ) is the initial value of the geometry factor and kis the

relative speed of its reduction.
Main states of measurement by UCN storage method. Mean value of the total loss
probability is equal to T = Aﬂ+qy( { _’;ﬁ]_ I -%% where N(O) N(t) are initial

(accumulated) and ﬁnal (remained after store time interval ¢) amounts of UCN in the
vessel. It means that in one experiment it is possible to define only the sum

Il =,1ﬂ+77yl( {l—kT] Aptan .Carrying out the second experiment with
higher frequency of UCN collisions on vessel walls one measures the second sum:

Iz=,1ﬂ+77y2(0{ kzztz] Ap+Z1z- So, if the ratio f-T is defined with an
) n

error 54’ then the value of Ag deduced from A =M—I—2- is defined with the error
] /B B £-1
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Sis_ i’«f_z_l’[x} 83 1:12[_44_}2 . _
“J[f_l}[lﬂ] i)\ 2 25) (&1 where 47 'and d7,are

statistic errors of experimental measurements of corresponding loss probabllmes
At-all analogue experiments on neutron lifetime measurement, except of [6,7], the
calculations has been made to define the £-value basing on the assumption that the

parameter 7 is the same for both vessels. Moreover, the £-value is defined as

0 .

5®=Zl((0_))_ Practically the 7-value for the same wall material became slightly
"

different A7 =7,—1,depending on many technical factors (surface roughness, any

()and

contammatlon and so on). It leads to systematic error & =&~ §® An72Y)
; myvy 1( )
AB_Zn 05 _An & A

)
then methodical error that equal to —==
Ap Ap€-l apé-lm’

a) ' b)

Fig.'l..'f Scheme of complex experiment: a)- experiment no.l, b)- experiment no.2 With '
additional surface. I- neutrons from th?gUCN source, 2- input UCN shutter, 3-



cylindrical storage vessel, 4- movable disk-absorber made of polyethylene, 5-
counters of the thermal neutron detector, 6- vacuum housing, 7- additional surface, 8-
inlet UCN shutter of storage vessel, 9- liquid fluorine polymer, 10- the UCN detector
shutter, 11- the UCN detector. N

Main states of the method with concurrent registration of inelastic scattered
neutrons. Firstly the experimental way to define & -value was realized in works [6,7].
Interaction of stored UCN with the vessel wall in the case when g, >> o leads to

the fact that the main part of neutrons escapes from the vessel due to inelastic
scattering . At this act neutrons enlarge their energy into thermal range kT (Tis the
wall temperature). So this neutron flux can be detected with the help of outer neutron
counters. Fig.1 (a, b) shows the scheme of a complex experiment. The vacuum
housing of the storage installation is surrounded with a vertical set of thermal neutron
counters. The storage vessel consists of a vertical cylinder and the bottom of housing.
The inner surface of the cylinder is coated by a layer of liquid fluorine polymer while
the bottom is covered by the same polymer. During filling interval 5y UCN come
from the source into the vessel through the bottom inlet shutter while the shutter of
the UCN detector is closed. The upper limit of the UCN energy spectrum E,, is
defined by the level H.,of a movable polyethylene disc-absorber. In the end of filling
both shutters do close while the UCN detector shutter opens. During the next time
interval ¢4 the UCN spectrum cleans from neutrons with energy that supersedes Ey,.
This time interval ends by rising of disc-absorber into the level i . Then inlet
shutter does open and all survival UCN flows into detector to register figure M.
These procedures (filling and cleaning) repeat once more and after the disc-absorber
rises up the UCN continue dwelling during store time interval #,. In the end of that
survival UCN registers as n,(s,) and the 7, - value is deduced. During interval #; outer
detector registers the count rate j,(r) of up-scattered UCN:

o aieNl(T )

. Em O'itNl(T)
= 01—k, 7)=
J'(T) Eucn (me+a¢)”m( X ' ) "Euen (0'1¢+0'c)

£ucn 2Te the register efficiency of up-scattered neutrons and UCN accordingly. The
total amount of up-scattered neutrons is equal to

I =‘IIﬂ ouNi(e) nle)r= en _on (N ‘(0):N ‘(")),T,, . Then loss probability is equal
0 Euen (Gie+ a;) Eun (00 + ) A1

An(r) where 7 is a current time, g, and

to J,=%= outod 1y . At the second experiment an additional surface
: P (Nn(o)‘Nl(h))f

coated by the same liquid fluorine polymer is involved into the vessel. Additional
surface consists of thin and narrow strips that hang along the vertical cylinder wall so
that the inner limiting cross dimension is very close to cylinder diameter. Analogous
thin cylinders of a small height situate coaxially on the bottom in such a way that
bottom area increases in the same rate -as cylinder one. If the UCN absorption into
additional surface is small then the gy-values for both experiments differ negligibly.
As a result of measurement at the second storing experiment one has the value

In:m(aiﬁac) J242 and §=‘1212 (n1(0)- N1 (1)) )
en i (N2(0)-N2(r2) 1141 (N2(0)-N2(r2))
Experimental installation. The double vacuum housing (see fig.2) is made of

stainless steel (SS) and consists of two coaxial vertical cylinders, one inside the other,
placed on the double bottom flange. Both cylinders, outer 46 cm diameter, inner — 42

cm,.are sealed to bottom flanges. In the slot (2 cm) between cylinders on the inner.
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one, the spiral of copper tubes is mounted to transport a coolant fluid from cooling
machine to cool the storage vessel. The analogous copper tube spiral is mounted on
the inner plane surface of the upper bottom flange. The slit space as well as the room
between two flanges is supplied with a turbo pump to evacuate them to the pressure
10 mbar. The bottom of the storage vessel, which is the upper horizontal plane
surface of the upper flange, is deepened on 5 cm compared to the outer flange plane.
The inner side of the storage vessel is a cylinder made of copper (1 mm thick, 40.5
mm in diameter) coated by a polymer. Cylinder is deepened on 2 cm into fluorine -
polymer on the bottom. In the vessel bottom a cylinder of 12 cm in diameter is
mounted coaxially as a continuation of the inlet neutron guide to fill in it by UCN.
The upper cut of this cylinder has a plane edge, on which the inlet UCN shutter seals
the vessel when shutter is close. The disk-absorber (36 cm in diameter) is mounted on
a rod that moves disk through a vacuum guide connected to a turbomolecular pump
that supplies the vacuum at storage vessel on the level of 10 mbar.The 1* experiment
is carried out when UCN are stored in copper cylinder. For the 2¢ one the additional
surface is mounted inside this vessel. The 40 strips and 23 additional cylinders are
made of copper foil 100 pum thick. Strips are 1.5 cm broad while additional cylinders
are 1.5 cm high. For the storage vessel cooling the cooling machine is used. In the
beginning working liquid coolant , coming through copper spiral from cooling
machine, cools the inner surface of the housing down to ~ -40°C. Then into the vessel
a portion of *He gas fills in while vacuum valve to the pump and inlet UCN shutter
are close. During a short time the surface temperature of the storage vessel becomes
homogeneous and very close to -40°C. After the He gas is pumped out of the vessel
the thermal irradiation supports the surface temperature in a range of (+ 3°C). The
UCN detector is a *He filled proportional counter with an inlet window made of Al-
foil (100 pm thick and 15 cm in diameter). The thermal neutron detector is a set of 24
counters of SNM-57 type. Each counter has a cylinder form of 1 m long and 3 ¢m in
diameter and filled with a mixture of 3He (5 atm) and Ar (4 atm). The whole detector
is mounted vertically outside of the housing and has two shields: the inner one is a
rectangular jacket made of Cd ‘1:mm thick, the 29 one is made of the B-contained
polyethylene. : ‘

The main _properties of liquid fluorine polymer YL VACI8/8 and supposed gas-
kinetics  parameters of storage vessel. YL- VACI8/8 is a viscous fluid
(F3CCFZQCF2C Fs), with molecular weight 2650. As a coating it makes on surface a

viscous layer with Ejjy,=106.5 neV, Vy,=4.55 m/s. Its inelastic scattering and
capture cross sections are correspondingly equal to ‘0;,=47.5 b and 0,=2.16 b at

room temperature for neutrons with velocity 7.76 m/s. The measurement will be
carried out at the vessel temperature Tvess=-40°C that allows -suppress both, the
inelastic scattering and quasi elastic reflection with a small energy transfer. The -
evaluated parameter 7 is correspondingly equal t0.8x107° at Tye=+25°C, (5-6)x10°

‘at -40°C. These values are the theoretical limits for the loss coefficient due to capture
.- and inelastic scattering into a thermal energy range [8]. However, it is known that
‘tesults of storage experiments in vessels coated by fluorine polymers does not
_ correspond to evaluated value of the parameters. Two causes exist to explain it. It
. was shown [9,10] that in the beginning of cooling down to -40°C the7 -value

decreases from 2.5-3.5x10°° to 5-8x10° that is practically the limited value for this
tcmperz'ature.'\lt takes place due to suppressing of a weak heating [11]. Under continue
Of qulyr}g (to -50°C) the ﬂupﬁpe polymer layer losses the liquid properties and cracks -
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with production of surface roughness and effective value of the parameter 7 arises to
2-2.5%x1075. So, the temperature -40°C is optimal for the experiment as the polymer
layer remains entire, parameter 77 is about 5- 8x10 and weak heating is lower than

2x107® per one collision. The last value depends not only on Lhe temperature but on
the upper energy limit of the UCN spectrum. As it was shown in [11], the estimate of
the energy jump of neutron at the weak heating process w1th liquid fluorine polymer

1M | “
.
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Fig.2. The experimental installation. 1- neutrons from the UCN source, 2- Al foil 100
pm thick, 3- input UCN shutter, 4- liquid fluorine polymer, 5- inner cylinder of the
vacuum housing, 6- movable disk-absorber made of polyethylene, -7- counters of
SNM-57 type of the thermal neutron detector, 8- the cooled vacuum housmg, 9-is
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vacuum guide to pump out the slot between outer and inner cylinders of the vacuum
housing, 10- liquid coolant form cooling machine, 11- He-gas source, 12- to storage
vessel turbomolecular pump, 13- outer cylinder of the vacuum housing, 14- additional

" surface,. 15- inlet UCN shutter of storage vessel, 16- vacuum guide of the bottom slit

in lower ﬂange, 17 - the UCN detector shuttcr 18- the UCN dctector

is llmltcd by the Ep., -value of the main UCN spectrum. Basing on these reasons, the
UCN with the maximal arise height of 47 cm will be store at the vessel 95 cm high
without a noticeable growth of the UCN losses due to weak heating. Let us suppose
that in the end of the cleaning interval (f) the energy spectrum of stored UCN is
maxwellian: F{y,)=y3 where Vo<+28 Hi, =3.0 m/s. So, at the Exp. no.1 the value of
y,(o)f_f4.9718 s, During the store .interval #=1000 s, considering that parameter

n=5. 10' and the spectrum change due to weak heating is negligible the y-factor will
bc cqual to y,(r,) 7,01 - £,1)=4.9676 s\ Hence k= 1.68.10° 57, 7,=2.4838x10°

! and stormg time 7,= (,1 n+a ﬂ) = 867 s. At the Exp. no.2 the involved additional

surface increases the wall area into 3 times, so 7,(0)=14.9154 57, and £,= 5.03x10°.

The storage time interval ¢, has to be changed in order to have the same evolution of
the UCN spectrum, i.e. t, —Q—E—g.ﬁ= 330s . The andlogue figures for Exp. no.2 are as

¢ ,
followmg 7,(t2)=7,0X1 - £2£2)=14.903,  7,=7.451x10%" and storing time

= (,112+/1ﬂ)— =831s.

Estimates of statistical and methodical precision of measurement.

The amount of accumulated UCN in the vessel at the PF2 source of ILL will be of 10°
scale. Considering that gy, =0.3, £,0n ~0.7, N.(0)=N,(0) = 7.10% the estimate of

sT_ 1 [1 1
As ﬂﬂtl NI(O) Nl( l)
0.7% for the experiment no.1 and 1.6% for the 2° one. Takmg into account.that the
measurement cycle (fms1,2) consists of procedures filling ¢am=50 s), spectrum cleaning
(tq=50 s), storing (f«=f or £z), emptying UCN into detector (=50 s) and background
measurement (¢pgr=330 s), it is possible to manage about 44 cycles per day for
51 o4
B

statistical error per one measurement cycle will bc equal to

Exp.no.1 or 67 - for Exp.no.2. So, during 10 days the achleved statlstlcal error —=4

will be 0.033% and smularly =0.061%. Analogously, the staustlcal error to
ﬂ

Nz(o) Nz(rz) Jl (‘5-’2)2 (6-’1)2
Nx(o) N (tl) A Ji
Forthcommg values are: for background about 1 5° !and for J; =410 and s, =600 per a
5.’1

dcﬁne the &-value usmg Jiand 4, is equal to: & =

cycle that leads to similar errors —~0 16 and

-0 06-per measuring cycle or
0.0076 and 0.0023 corrcspondmgly dunng 10 days run. Resulting statistical error per
a 20 day run for T’=0.059x10 or 0rg=0.52 s.

Methodical €ITOrS. The 1* source of methodical error is the difference between the
registration efficiencies &, and &4, for the 1% and 2% experiments that appears due

" to slight difference in geometry of scattering surfaces relatively to the thermal neutron
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detector. A small additional inclusion into this difference becomes due to different
absorption .and scattering of detected neutrons at both: experiments. Preliminary
evaluation of these efficiencies under the propositions concerning the initial UCN
spectrum like F{vo)=<v§ and mean velocity value of scattered neutrons as 1100 m/s

- d T
gives IeLE"'—’|<O.01 from that the error DB A% 37x10* or
Em . Aﬂ - ,‘Aﬂ 5—1

(otg )m1=0.33 s. Detailed evaluation will be made after measurement of real spectrum

of accumulated UCN by the method of plunge disk-absorber.
The 2° origin of a methodical error is the possible temperature difference between the
vessel wall and additional surface. Considering that for the polymer the value of

%:0.16 b/grad and ‘:" =0.9328 at T=-40°C and basing on the measurement
Oct Ot

result of the temperature distribution along all the vessel surfaces, it is possible to
expect the mean value of the temperature divergence as £3°C. Under the proposition
that the temperature difference between vessel wall and additional surface is 3°C the

5 -
corresponding error [—;—'B] = Z;'.ﬂ?;g—l =3.7x10" or (6t A )m2=0.03 s.
5 E—
The 3% kind of methodical error comes from a difference between the UCN
registration efficiencies £,y and gycn2 at both experiments. The specific emptying
time, during which UCN flow from storage vessel to detector, is about ¢,,, =15s. So

Euen2 N Il:l + Atmp) ll - exp(_ (ZZ + j'mp)tc)l
(or 8 )m3=0.006 s.

The estimate of the total resulting error is equal to
(625)=67 ), + 67 g, = (0.52 +0.33+0.03 +0.006) s =0.9 5.
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The Berry phase in neutron physics

V.K.Ignatovich
October 29, 2007

Abstract

The Berry phase in neutron physics is shown to be a linear approximation in
adiabaticity parameter of the exact phase, which can be derived analytically. The
role of the Berry phase in the experimental search for an electric dipole moment
(EDM) of the neutron with ultracold neutrons (UCN) is discussed.

1 Introduction »

The ‘Berry phase, 85, can be defined as follows. Let’s consider the precession of the
neutron spin inside a magnetic field B that slowly fotates around z-axis with the angular
speed w (fig. 1). Suppose the neutron spin state is initially }¢(0)), and after one full
revolution of the field, t = T = 2r/w, the spin state becomes |£(T)) = exp(iy)|£(0)).
The phase ¢ is usually represented in the form ¢ = 2uBT/h + 0. The first term is
called dynamical phase, and the second term is called Berry phase. The dynamical phase
describes the precession of the spin (with the magnetic moment p) around the field B, as
if it was not rotating. The Berry phase is the additional phase, which appears because
of the field rotation. It is equal to the half of the solid angle subtended by the field B
during its rotation. This angle is equal to b*/B2, where b = {/B? — BZ, and B, is the
z-component of the B. So, it looks as if the Berry phase is not related to dynamical
interaction of the spin with magnetic field, but only to geometry of the magnetic field

-variation.

- Usually even in'the case of a simplest system consisting of just one 1/2 spin particle,
the Berry phase is derived using sophisticated mathematics. In [1] the derivation is

~accompanied by the discussion of the vector potential and’ magnetic monopoles. In 2]

the Berry phase is considered in terms of the level crossing. In [3] the phase is formulated

*with the second quantization technique and is analyzed by the path-integral formalism.

The complex mathematics may be unavoidable in the general case of an arbitrary spin
and an arbitrary hamiltonian with the periodic time dependence. However, to get feeling
what theﬁe Berry phase is, it is sufficient to get an analytical solution for a simplest system.
Such a simplest system is represented by the neutron spin in the field of rf spin flipper. In
such a flipper we have a dc permanent field B, along z axis; and rf field B, rotating with
frequency w in the (x,y)-plane. The elementary considerations show that the Berry phase
isnot a funqamental or a “mystical” ent(ity, but rather the result of a linear approximation
of the effective spin precession phase ¢ = x(B;, B;s,w)t, which depends on all parameters
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Figure 1: To the definition of the Berry phase. Neutron spin s precesses with the Larmor
frequency wy, = 2pB/h around magnetic field B, which slowly rotates around z axis.
After period T = 27 /w the magnetic field returns to its initial direction.  The neutron
spin state, which initially was |£(0)), acquires the phase factor exp(ip). The phase ¢ can
be represented by a sum of two terms, ¢ = @4 + 0 = yBT + S/2B%. The first term,
fyBT, is the dynamical phase, which is related to the spin precession around field B. The
second term, fp = S/2B?, is the Berry phase. The ratio S/B?, where S = wb?, and

b= /B2 — B? is the solid angle subtended by the field B during one revolution.

of the system, i.e. on the magnetic fields and w. The expansion over w in the adiabatic
case, € = w/vB, < 1, is X(B;, Brs,w) = Xo(Bz, Bry) + X,,w, where v = 2|u|/h, p is the
magnetic moment of the particle, and :

x( - dX(Bz;Brf)w)
v dw

w=0

The Berry phase 6p is just x,,wT. The Berry phase is said to be the geometrical phase
g = X,,wt after one period of the field rotation, ¢ = T = 27/w, and the geometric phase
(g is a linear correction to the dynamical phase ¢4 = yB,t.

The expression for x(B,, Brs,w) is exact for all values of the parameters. Using this
expression we can find not only the adiabatic approximation, but also the contr-adiabatic
one, when vB,/w < 1, x(Bz, Brf,w) = xo(Brf,w) + x5 B., where

' dX(BnBrf)w)

XB = dB, B,=o'

In the following sections, we first find the exact analytical solution to Schrédinger
equation for a neutron moving in the two fields. From this solution we can extract the
exact expression for the evolution phase ¢ = xt of two orthogonal spinor states |®.+a())
polarized along and opposite some pre-defined vector £2(t) that rotates synchronously
with B, f(t). If the states are {$1q(@)) at t = 0, then they become exp(Fixt)|®1a() at
time t. Here we will call xt the “effective” phase. For small w (adiabatic case) it can be
expanded in powers of w, and for large w (contr-adiabatic case) it can be expanded in
powers of 1/w.
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4. ki

.- where Q2 = 9(0)

% +-Evolution of the state |®(t)) with an arbitrary initial polarization |®(0)) can be rep-
resented by the superposition of two orthogonal states |®.a(y)). We can find a classical
vector that corresponds to [®(t)). We will call this vector a “spin arrow” s(t). It is defined
as 8 = (®(t)|o|®(t)), where o = (05,0y,0.), and 0; (i = z,¥, 2) are the Pauli matrices.
The motion of the spin arrow tip over the surface of a unit sphere s2(t) = 1 is a good
representation of the spin dynamics. We can easily follow it and analytically calculate
full phase of its rotation.

Tn Section 4 we consider the role of the Berry phase in UCN experiments on search of
the neutron EDM, and ‘show how the phase is excluded.

2 Formulation of the problem

Let’s consider the evolution of the neutron spin in a superposition of two spatially uniform
fields, By = (0,0, B;) and B,s(t) = Brs(cos(wt),sin(wt),0). The Schrédinger equation
for the neutron wave function |4 (r,t)) is

2

dfp(r, )t = (=2 = B+ oBuy()]) 100, 0

where m and y are the neutron mass and the magnetic moment respectively. The solution
of this equation can be written as

[9(rr, t)) = exp(ikr — ith®k? [2m)| T (t)). 2
Subspifutidn of (2) into (1) gives

id| 2 (t))/dt = Flo B, + e Bry (]| (1), ®

where 7, denotes 2|u,|/h (neutron’s p, is negative). To find the solution we need to
define the initial condition |¥(r,0)) = |£,), i.e. choose the initial neutron polarization.
~To solve (3), we use the well known and easily checked relation

fdﬁ@:ﬁmﬂmmnﬁm@m;&pmmmfw? (4)
We then represent the solution of (3) in the form
: (2 (t)) = e “|g(2)).- )
Substitution of (4) and (5) into (3) gives

(09)

z‘d|¢(t))/dt qu ), (6)

(YnBrf,0, 1B —w) is an effective field for which the Larmor precession
|ﬂ| It does not depend on time, therefore the solution to (6) is

|$(2)) = exp(—io2(0)t/2)|(0)).- (7)

freQuency is Q
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The initial condition [¥(0)) = |&,) is equivalent to [¢(0)) =
into (5) gives

| ¥ (t)) = exp(—iwo,t/2) exp(—ic2(0)t/2)|&y) = exp(—ia’h(t)t/2) exp(—iwn,t/2)|£0)(,8)

where

Q(t) = e o2 0(0)e™"*? = 5,7, B, 5 cos(wt) + 0y ya B,y sin(wt) + 0, (1 B: — w). (9) ‘

It is important to note that in the argument of the exponent in (8) we have Q(t)t instead

of J§ Q(t")dt' (see [1] Eq. (7).
Assume that initially the spin is oriented along £2(0), therefore
I+ o00(0)

€0} = [20q)) = Toito)

where |€,) is the eigen spinor of the matrix o, i.e. 0;]€,) = |£,), and o(0) =

eigen spinor of the matrix e0(0): a0(0)|€ow)) =1§0())-
The solution to (8) can then be represented as

I+o0(t)
v2(1+ o0,

| ¥ (2)) = e~*!/? exp(—~ia Q(t)t/2) o)

where Q = Q] = \/:12B3,+ 1B

of the spinor state changes with time.
The exact expression for the phase is

w+Q
t
2 3

Xt =

which is valid for arbitrary parameters. Now we can approximate the phase in adiabatic
w < 7B, and contr-adiabatic w >> vB, cases.

In the adiabatic case we can expand § in (12) in powers of w. In the linear approxi-

mation we get
2

B?
B 5 32 (13)
where in the last term we assumed B? +/ B? « 1, and we made a linear expansion B, =
B*-BL~B-B ,/2B where B = ,/B? + B};. Therefore

¥

W+ Q7B+ =(B-B)~ T

1B :
xt=(w+ Q) 5~ WbBig S+ g B 51 1Bz + W)t = pa(t) + ¢,(2)- (14)

]

28

{€0). Substituting the latter

1€5) = |50(o)) (10)"

Q(0)/,

i.e. o(0) is the unit vector along the effective field {2. It is also seen that |§o(o)) is an’

) = e ZEZ200e), 1)

— w)?, and where we used the fact that for an arbitrary,

function f(oo) the eigen SpanI‘S are |€10) and the eigen values are f(£1). We see that
the neutron polarization follows exactly direction of the effective field £2(t) and only phase-

(12)

plied by the magnetic quantum number 1 /2.

The second term p,(t) =. B2 wt/4B2 is called geometric phase. After the time of one

'cycle, t=T= 27r/w the geometrlc phase becomes the Berry phase

17B?
= y(T) = 553> (15)

1t is equal to the solid angle subtended by the magnetic field during one cycle and multi-

\

In the contr-adiabatic case we can expand 2 in (12) in powers of vB,. In the linear
approximation over 1/w we get

w+Q vB,

2B2
~wl— ut.

4w

Note that the precession frequency vB,/2 around the magnetic field becomes negative,

xt = (16)

.~ which is equlvalent to the change of sign of the magnetic moment.

3 The state with an arbitrary polarization

In real explerigments, some of which are discussed in the following, the initial neutron

polarization is not necessarily collinear with the direction of the effective field £2(0), so
we have to consider an.initial neutron state |®(0)) with an arbitrary polarization.
Lets consider the initial state to be polarized along the arbitrary vector a:

e . _ _ l1+oa
S L UR Dy o 12 (17)

. This state can be»represented as a superposition of the basis states |®.q())

IEG) = IQQ(O))(QQ(0)|IEG(0)) + |®_Q(o))(®_ﬂ(o)”£a(0))7 (18)

where a(0) = a. According to Eqgs. (8) and (11) the variation of the state (18.) can be
described by ,
= [2(1)) = /26T N g0 ) = [eago) = (19)
= X020 lEa®) + eX|2_ay)(2_ag l¢aw); (20)

where a(t) is defined by the last equality in Eq. (19) The direction of a(t) is the direction
“"of the neutron polarization, or, in other words, the direction of a classical spin arrow

s(t) = a(t), defined as s(t) = (tI>(t)|a'|tI>(t)) Lets prove that a(t)Q(t) = a(0)Q2(0); that
is, the angle between the neutron spin a(t) and the effective field () does not depend
on time. To do so we need to find expectation value of the matrix o€2(t) in the state in

' ‘Eq (20) {ot))-= (2(t)|o2(t)|®(£)). The substitution of Eq. (20) into this relation

glVeS
(O'Q(t)) = [eixt(fa(O)“@Q(o)) (Qﬂ(t)l + e-ixt(fa(O)”Q_Q(o))(q)_ﬂ(g)l] (a'Q(t)) :

x [e—ixtl(pﬂ(‘t))(q)ﬂ(o)”&l(O)) + eixtp_ﬂ(g))(q)_ﬂ(o)”fa(Q))] (21)
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=0 [(¢aw|2q ) (2 €aw) — (Ea(o)H@_n(oj)(*P_};(U)Ilfd(o))] ; (22)

where in Eq. (22) we used the relation (o2(2))|®+q¢) = £Q|®1q). Equation (22) is
equivalent to '

’ {(¢a!(c2(0))[éa() = a(0)22(0) = Qaq, (23)
and this result shows that the projection of the neutron polarization a(t) onto the effective
field £2(¢) is constant; that is, the vector a(t) only rotates around the direction £2(¢). By

taking the constancy of aq into account we can represent the initial state Eq. (17) in the

more convenient form
l1+oa

&) = mlq’n(o))- (24)

The state |®(¢)) is represented as
_ —iwost/2,—ia U2 e \ _ —ipe) LT Oa(t)
[B(2)) = e 27T g, = e ——eaKlRqy ), (25)
a 20 + o0) Q)

where -
aa(t) = exp(—ioQ(t)t/2) exp(—iwo,t/2)(oa(0)) exp(iwo,t/2) exp(io2(t)t/2). (26)

The part
oa(wt) = exp(~iwo,t/2)(ca(0)) exp(iwo,t/2) (27)

describes the rotation with angular speed w of the polarization vector around the z-axis:
a(wt) = (ayr cos(wt), ay sin(wt), a;), where @) = /1 — a2. Two external operators rotate
the neutron polarization around the effective field £2(¢). Hence, the motion of the neutron
spin is a superposition of two rotations: around the z axis with angular speed w and
around the direction Q(¢) with angular speed Q.

After a period t = T = 2x/w we have a(T) = a(0) = a and Q(T) = Q(0) = Q.
Therefore, according to Eq. (26), we have ' '

o-a(T)= e"""'nT/z(a'a)e"""nT/2 =0 {gan + % sin(QT) + __[Q[;zzzﬂ]] cos(QT)} ,
. v . 28)
and
a(T) = g-an + [%tdsin(QT) + -[n—[gz&]l cos(QT). (29)
Thee unit vectors
Q e = [Q[a]] _ [Qa]

61=ﬁ, Z_T’ €3 Q. ’ _

constitute orthogonal basis for right clock coordinate system, therefore vector a(T) is
obtained by rotation of the vector a(0) around the vector 2(T) by the angle QT. -

This angle is dynamical precession angle of the classical spin arrow around the effective
field without any additional terms. However to find the total angle of the spin arrow
rotation we need to add to QT the angle 27 of rotation around the z-axis. If we expand the
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angular speed  in w to the first order and approximate B, = 1/B? — B% by B—B%/2B,
we obtain
“ - 2
¢=QT+27rz'ynBT——BB£wT+27rz2(%7nBT+zr2—%;i> - (30)

We see that ¢(T) = 2¢(T), that is, the rotation angle of the spin is equal to twice
the precession phase (14) at ¢ = T. The factor of two is a typical difference between -
quantum and classical phases, which is illustrated in Egs. (4) and (5). Magnetic field By
rotates with frequency w (Eq. (4)), while phase of the quantum state |%(¢)) changes with
frequency w/2 (Eq. (5)) :

In the following we shall approximate B in Eq. (30) by B,, which is acceptable when
Brf < Bz-

4. The Berry phase in neutron EDM experiments

The Berry phase was found to be important, for instance, in experiments [4] with ultracold
neutrons (UCN) searching for neutron. electric dipole moment (EDM). Before we show
how it appears in these experiments, lets first refresh the idea of these experiments and
poin"‘_t' out !tlhe cqnimonly met difficulties. :

4.1 The idea of the UCN storage experiment

In the EDM experiments UCN are stored in a cylindrical bottle [4] oriented vertically
along the axis z. There is a uniform magnetic field, B = (0,0, B;), and an electrical field,
E = (0,0, £E) inside the bottle. Both fields are oriented parallel to the cylinder. The
goal of the ekperiment is to measure the precession frequency, w,, of the neutron spin,

hwy, = 2|un|(B, + do E), (31)

‘and its linear dependence on the electric field E. Here, contrary to typical notations,

d,, is dimensionless, d, = eDy/|ita|, Where |p,| = € x 1.91%/2mpc = e x 2-107 cm
is the absolute value of the neutron magnetic moment, e is the elementary charge, and
D, has units of length and is currently found to be less than 2.9 -107?° cm [4]. Thus,
d, <'1.45-107'2, Fields B, and E in (31) should have the same units. So, if B, is
measured in Gauss, E must be in'CGS units, i.e.” its value is (10/3)E when E is in
kV/em. =

- To reliably measure the linear dependence on E we must be sure that the field B,
does not change during the measurements. In reality B, fluctuates due to changes in
environment.-The fluctuations can be compensated by measuring the magnetic field B,

-with the help of polarized mercury atoms '%°Hg stored in the bottle along with the UCN.

The precession frequency for 1%Hg atoms is given by the similar equation,
thg = 2[15[9(3, + ngE), ) (32)

Whé;‘e Brg = ]unl /3.842, and dH_;, is measured to be less than 8-10~'* in units of prg.
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The ratio of Equations (32) and (32) is
Wn _ Bn B:itdiE »

E
=t ~tn (14 (da—d —-) . 33
WHg  HHg B; + ngE HHg ( (d" Hg) B, ( )

Altematively, the ratio can be represented with the help of R,, defined as

Ralt, ) = 20 85y 4 (4 )5 ®

Hn WHy -

where the first arrow shows the direction of the magnetic field B,, and the second arrow
shows the direction of the electric field. Thus, in absence of the electric field, the ratio
R, should be equal to unity. Later. we shall see that it is not so simple!

¢

4.2 A false effect

The main problem in EDM experiments is to understand whether there are no false effects
that can mimic the EDM. The most dangerous false effect is related to the relativistic’

correction to magnetic field, .
B,, = [v, x El]/c, (35)

i

which gives false EDM d; = v/c =~ 10~® for UCN moving with the speed! v, = 5 m/s.
The value of d; is four orders of magnitude larger than the searched EDM, but it seems
to be not dangerous because UCN have the isotropic distribution of v, and thus the field
B,,, averages to zero. However, By, is orthogonal to z-axis. Neutrons that move around
z-axis? with the speed : ‘ ,

Un

» Wny ~ Er ‘ (36)

where R is the cylinder’s radius, see the rotating field, and this field creates additional
geometric phase. Nevertheless, this phase is not dangerous because it is quadratic in
electric field and has the opposite sign for neutrons rotating around z-axis in the opposite
directions. N T - - =

4.3 An interferenc‘e neutron Berry phase

The geometric phase becomes dangerous when the magnetic field B is not completeij"
homogeneous. If B, slightly changes along 2-axis as shown in Fig. 2 [5], this change,
B! = dB,/dz, inevitably creates magnetic field B, perpendicular to z-axis
B
.B,= —Tzrly ’ (37)
where 1 = (z,9,0). The total field perpendicular to z-axis and rotating in the reference
frame of the neutron becomes b, = By, + B,. The geometric phase (b2 /4B2)w,,t now
contains the interference term @,; = (B : Bpy/ 2B2)wp,t, which is linear in E and has

1UCN move with speeds up to a limiting speed v, corresponding to the reflecting optical potential of
the bottle walls. We take v = vy = 5 m/s, which is sufficient to obtain good estimates.

2The neutrons move on the straight, however every rectilinear motion perpendicular to z-axis can be
decomposed into radial and azimuthal directions. The rotation, we speak about, is the azimuthal motion.

32 o

Bg J«z » E
. h

T

Figure 2: Inhomogeneous magnetic field 5] containing components perpendicular to z-
axis. : '

. the same sign for neutrons rotating in both directions. Therefore, it does not average to
"zero'and raises the correction to the precession frequency,

B, - By,
Wni = —%ﬁ;wnv = B;QnEy (38)
z

_ where coﬁs,tant Q. accounts for averaging over the spectrum, trajectories and the angular
. distribution of neutrons. This constant can be calculated as shown in [5]. We do not
reproduce-these calculations because experimenters usually try to exclude the term (38)

o from their results. In the following Section we show how this term is excluded. The most

important feature of (38) is its linear proportionality to B} and E.

44— Exclusion of the Berry phase—- —- -« .~ o

** By taking into account the false effect, equation (34) can be modified as follows

Rlti1) = 1+ (dn = duo) -+ B(@n + Qi) - (39)
. z z

We see that the term which is linear in E contains the false effect due to the geometric
phase. ‘The geometric phase is also linear in Bj. So, if we can change the sign of B,

~ and take an average of measurements with two opposite signs of B., we can exclude the
geometric phase. To change sign of B/, we need to change direction of B, and direction z-
axis since it is always considered to be along B;. Because of these reversions the gradient
B changes its sign. At the same time direction of E if B, and E are to be parallel also
‘must be reversed. The average '

Ra(B) = R 1)+ Bl D) = 1+ (o = dio) 5 (10)
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does not contain the geometric phase. However the reversion of the field brings two new
effects into play.

First of all, since B, is not a homogenous field, we need to re-define the precession
frequencies (31) and (32),

H B
huwn = 2| ( / pn(2)dzB,(2) + (dn + B;Q,.)E) = 2|pin|[B; + Z. B, + (d, + B.Q.)E],
0

(41)

H .
thg = 2”Hg (/ pHg(Z)dZBz(Z) + (dH_q —_ B;QHQ)E) —_- 2[JH_q[Bz+7HgB;+(ng—B;QHy)E]1
0 ; |

(42)
where pp(2) is the distribution of neutrons, pp,(z) is the distribution of Hg atoms along
the height 0 < z < H, z, is the center of gravity of neutrons, and ZHg is the center of
gravity of Hg atoms. We also used the approximation

/p(z)dzB,(z) = B, +ZB,. i  (43)

Second, we need to take into account the action of the earth rotation! [6] In the non-
inertial reference frame tied to the earth surface, the precession frequency of the neutron

spin is wg = 7.2-107° rad/s. If we attribute this precession to neutron’s EDM in the field -
of 10 kV/cm, it is equivalent to d =~ 10~1® which is two orders of magnitude larger then

the EDM found in [4]. Therefore, (41) and (42) can be rewritten as

hwg = 2{ps|[B; + Z. B, + (dn + B,Q,) E] — huwg cos 1, (44)

th_q = 2#H_q[Bz +7H_qB; + (ng - B;QHg)E] + hw@ cos HL, (45) :

where 0y, is the latitude of the laboratory, where the experiment is conducted. The ratio
(34) should now be replaced by

B, we cos b,
Ro(1,1) =1~ Ah—E +[d, — dH, +B,(Qn + QHg)l— - (46)
B, 1B,
where 1 1 1
- = — — 47
Y M YHg
and :
Ah=Zgy—7Z, >0, (48)

because the center of gravity of UCN (their effective temperature is ~ 3 mK) is somewhat
lower than that of much warmer (room temperature) Hg atoms.

Denote v
T(h 1) = m(f,f)—1+“@;§30L, T4 =Rl ) -1 2L (19)
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With these notatlons we have

T(1,1) = ~AE +1dn = diy + B(@n + Quol 5 (50)
1) E i
T( 1) = +AREE + [dn = diy = BA(Qn + Qg - 6
In the first approximation we can define
BI
7= 5 @D+ TN T( D) ~ b 52)

The gradient Bz can be varied by changing currents in trimming coils placed around the
UCN bottle. The variation of these currents results in changes in measured T'. From (50)
it follows that the difference

1 ' T E
5 (T(Ta T) - T(T) l)) = |:dn - ng lAhlB (Qn + QHy)] Bz’ (53)
changes linearly with T, and the exclusion of the Berry phase corresponds to T = 0.
Similar difference for the reversed fields is

-1
LD - T = [l =l B+ )| 3 B9

and again the exclusion of the Berry phase corresponds to T = 0. This point is at the
crossing of two lines (53) and (54), and the crossing point corresponds to (?,, < 1.4&?.

The procedure of excluding the Berry phase, and some corrections (which we did not
not mention here), are explained in [4, 5, 7).

5 C\o‘nclusion

We showed how to calculate the Berry phase in the simplest case of a neutral particle
with spin 1/2 moving in a superposition of two magnetic fields: the constant field parallel
to z-axis, and the rotating RF field perpendicular to z-axis. Such calculation gives the
understa.ndmg of what the Berry phase is. We also showed how the Berry phase causes
the false effect in'the experiments with UCN searching for neutron EDM. We did not
calculate the Berry phase in these experiments because it is not measured there, but
excluded. However, the Berry phase can be measured and can be calculated with high
precision (see, for example, [5]).
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energy E,, the real part of which is negative and the imaginary part is positive. Since
the imaginary part of the energy of a true quasistationary level should always be negative
(ImE = -T/2, where T is the level width ), the inequalities ReE, < 0, ImE, >0
tnean that a singlet state of the (np)-system, which would decay into the deuteron in the
ground state and the y-quantum ( “singlet’ deuteron” ) does not exist, and the pole E,
corresponds to the virtual but not true quasistationary level .

[6] S.K. Lamoreaux and R. Golub, Phys. Rev. Lett. 98 (2007) 149101.
[7] C. A. Baker et al., Phys. Rev. Lett. 98 (2006) 149102.

1 CGeneral structure of the neutron-proton elastic scat-
tering amplitude at low energies

‘ The amplitude of the s-wave elastic scattering of a slow neutron on a proton has the
. following form:
i C f(k) = fulk)Q@: + fS(k)Qu
. : ! N figmsge . i &g
1 P AL AUJEE LS | M
" Here fy(k) is the amplitude of triplet scattering, corresponding to the total spin of
- » the (np)-system S = 1; f(k) is the amplitude of singlet scattering, corresponding to the
. total spin of the (np)-system S = 0; I is-the 4-row unit matrix; &™ and & are the
S vector Pauli operators acting between spin states of the neutron and proton, respectively;-
: hk = v/mE is the neutron momentum in the center-of-mass frame of the (np)- system (in
. so doing, E is the total energy of the neutron and proton in this frame, m is the nucleon
: R : 1'{1355); Q; and Q, are the mutually orthogonal matrices of projection onto the triplet and
- _ singlet states of the {np)-system, respectively:
{r BT

Q3 = Qli QZ = Qu Qth = 0. (2)
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Taking into account Egs.(1) and (2), the total cross-section of elastic scattering of a
polarized neutron on a polarized proton can be presented in the following form:

1-P,P,]

3+P,P,
e il )

o = 4x |19

where P, and P, are the polarization vectors of the neutron and proton, respectively. The
relation (3) is valid at neutron laboratory energies below several MeV, when the s-wave
scattering takes place.

Formula (1) may be rewritten also in the form:

F(k) = e(k)] + d(k)(6™&®),

where

_UWELE g - S0 A0)
4 ’ 4 o

c(k) (4)
It should be stressed that the magnitude c(k) = {f(k)) has the meaning of the ”coherent”
amplitude of (np)-scattering (averaged over all spin states of the neutron and proton).

2 Scattering length and effective radius

In the framework of the effective radius theory [1,2], the amplitudes of the low-energy
triplet and singlet (np)-scattering are parametrized as follows:

1 1 1
=———tk+ =1 Ak 5
ft(a)(k) ays) 9 0t(a) ( )

Here a,(,) is the triplet (singlet) scattering length::

" aysy = —fis)(0); (6)

Toigs) > 0 is the effective radius of triplet (singlet) scattering ( "(231(,) K dl E
It is essential that the lengths of the triplet and singlet scattering ofg the neutron on
the proton have the strongly different absolute values and mutually opposite signs:
a, = + 5.38 fm, a, = —23.6 fm. i

The positive sign of the length of the triplet (np)-scattering follows directly from
the elementary theory of deuteron [1]. At the same time, the experimental data on

scattering of very slow neutrons on the parahydrogen (total spin of two protons S=20)

and orthohydrogen (total spin of two protons S = 1) testify to the fact that the signs of
the lengths of singlet and triplet (np)-scattering are opposite (a,a; < 0) [3,4]. Actually,
the experimental ratio ortho/Tpara = 31. Meantime, if a; and a, had the same sign,
then this ratio would be equal to 1.4 [2]. The conclusion about the opposite signs of the
amplitudes a; and g, is confirmed also by the experimental data on the cross-section of
the deuteron photodisintegration [5].

The numerical values of the lengths of triplet and singlet scattering a; and a,, together
with their signs, follow definitely from the combined data on the cross-section of the low-
energy (np)-scattering and on the coherent scattering (diffraction) of slow neutrons in
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crystals containing the’ atoms of hydrogen (see [2] for more details). The difference of
sc:ttering lengths Aa = a; — a, can be determined independently at the experimental
investigation of another coherent effect : the precession of neutron spin in the polarized
hydrogen target 6. - .. " . .

? Bogth the triplet and singlet effective radii are positive, just as it should be from
the viewpoint of the effective radius theory [1,2): ro: = 1.7 fm, ro, = 2.7 fm . The

-coefficients c(k)kand d(k) at zero energy, determined according to Eq.(4), are ¢(0)= 1.865

fm, d(0) = =T.275 fm.’ .
3 Scattering lengths and poles of the triplet and sin-
.. glet scattering amplitudes

The amplitudes fi(k) and f.(K) have the poles at negative energies being close to zero.
.+ 'The pole values of momenta k¢, k and energies E;, E, are determined by the equation:

1 L~ 1 ~
——— —ikyy t+ 3 Tounykigs) = 0 (M

Qi(s)

1 11— 2r0y(s) ~ ’ ®)
Tot(s) Qy(s) Qy(s)
2
— 2 2
s Byy=— h 1—4/1- o ) h2 . 9)
mr(z]t(.s) Qy(s) mat(a)

It follows from Eq: ‘ (é)"that in the case of triplet scattering, when the scattering length
is positive (the scattering amplitude at zero energy is negative), the imaginary part of

from which it follows that:

=

- the. pole momentum is positive: Imk > 0. This means that the amplitude of triplet

(np)fséatteri;ig has the pole on the physical sheet, where Im VE > 0 [1]. The pole energy

~ k? re: 5 re,
E = il (1 + <, + 1a ) . (10)
(the result of expansion of the formula (9)) is the energy of bound state of the neutron
and proton with the total spin of two nucleons § =1, i.e. the energy of the ground state
of the deuteron. Obviously, the deuteron binding energy is €z = |E4.

On the other hand, it follows from Eq. (8) that in the case of singlet scattering, when
the scattering length is negative (the scattering amplitude at zero energy is positive),
the imaginary part of the pole momentum is negative: Imz, < 0. This means that the
amplitude of singlet (np)-scattering has the pole on the second, unphysical sheet of the
Riemann surface of complex energies, where ImvE < 0 [1]. In so doing, the negative

~ 2 2
E,=_h (1+rﬂ+§r%’—...) (11)
a, 4 a?

" pole energy

ma?

corresponds not to the true but to the virtual level of the (np)-system.
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Let us introduce the "radii” of the ground state and virtual state of the neutron and
proton:

—

L Lo (12)

Rl mlB

2.23 MeV, |E,| = 0.067 MeV.

Pt = = = pm—, Ps
d/m|E)

The experimental values of the pole energies are |E)| =

In accordance with this, p; = 4.32 fm, p, = 24.39 fm. Let us note that p; is the radius’

characterizing the coordinate dependence of the wave function of the deuteron.
Taking into account Egs. (7) and (12}, we obtain simple relations between the scat-
tering lengths a;, a, and "radii” p;, p,:

1 1 ro Pt |

Y < S 13
a P 20} “T 1= (ror/2p0) (13)
1 1 Tos - Ps

@t 202’

T G o

Since the effective radius g is always positive, the following inequalities are valid:

a; > Pty

In the case of singlet scattering ro,/2a, & 0.055 < 1, and with the precision of < 1 %

1
@ =—p,+ 1o (16)

2™

4 Process of radiative capture n+p — d + v and the
imaginary part of the singlet scattering length

Let us consider now how the length of the singlet np-scattering changes if the neutron’

radiative capture by the proton with the production of the deuteron n+p — d-+1 is taken
into account. It is known that in the limit of very low energies this process is conditioned
by the M1-transition from the singlet state of the (np)-system [5,7]. In accordance with
the general behaviour of cross-sections of inelastic processes at the energies being close to
zero (see, for example, [1]}, the radiative capture cross-section, averaged over the neutron
and proton polarizations, has the following structure:

A

Onp—sdy = %’ (17)

where A is a ﬁositive constant with the dimensionality of length, Ak = v/mFE is thé.

neutron momentum in the center-of-mass frame.

For unpolarized nucleons the relative fraction of the singlet state is equal to 1/4. On’.
account of this, the radiative capture cross-section, corresponding to the purely singlet

state, is

0] 44
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las| < par . (15):

anp—bd’y = 4G"P—’d’7 = T (18)

According to the optical theorem [1], due to the radiative capture n 4+ p — d +  the
singlet length of the scattering of the neutron on the proton b_ecwl’lﬁ‘a acquiring
a'small additional imaginary term:

limg 0 o

-~ A
-b‘ . np—dy .
a, = a, -+ 1b,, by = — ) =——<0 (19)

Using the explicit expression for the cross-section of the radiative capture of the neutron
by the proton at zero energy [5], we obtain:

By Bd = (5 e, i
(h2/ma,)\/7hc _ ( mIEtVﬁ)Tm.

(20)
Here e’/hc is the ﬁne structure constant, m is the nucleon mass, g, = 2.78 and g, = —1.91
are magnetic moments of the proton and neutron in nuclear magnetons. In so doing,

h [= h [~
\/Ea‘, ~ IE&lv ,Etl_ﬁ—"’ IE1|+ |ESL

where E, and E, are the above-considered pole energies for the triplet and singlet states
of the (np)-system.
‘Finally cilculations give:

——Imf,(O)———( ) (9p—9n)°

[bs] A 2.69-107* fm, —|~107" > 1.

5 Imaginary part of the pole energy for the singlet
- scattering amplitude
Since Ima, # 0, it is obvious that the pole energy E, will also acquire an additional

imaginary part.
- Taking into account that |b,|/|a,| < 1, the following formula is valid:

ImE, = dE4(a,)
da,

b,, (21)

where, according to Eq. 9),

dE, 252 1 2R
= T (1——~———)~—. (22)

mro, V1= (2res/a,) mal

It is clear that, since the singlet scattermg length a, < 0 and b, < 0, we obtain for the

_ singlet state of np-system:

dE,
da,

<0, ImE, >o0.
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Meantime, it is known that for a true quasistationary state the i xmagmary part of its energy
is always negative: the magnitude I' = ~2Im E has the meaning of the decay width [1].
Thus, the inequality ImE, >0 implies that the singlet quasistationary state of the (np)-
system with the negative energy (with the mass being smaller than the sum of neutron
and proton masses), decaying into the deuteron in the ground state and.y-quantum,
does not exist . In accordance with this, we think that the resonance (Breit-Wigner)
scattering of the photon on the deuteron at the subthreshold energy E., = |Ey| — |E,| =
2.163 MeV, correspondmg to the deuteron virtual level, should be absent, in contrast to
the point of view presented in some works [8,9). As it was shown in the paper [10], the
influence of the virtual singlet state of the (np)-system upon the energy dependence of
the elastic yd-scattering near the threshold of the deuteron photodisintegration manifests
itself only as a threshold anomalous cusp.

The existence of a singlet unstable level of the deuteron would be possible only in the
case if the scattering length a, were positive (i.e. if the value f,(0) were negative).

6 Summary

1. The properties of the amplitudes of the s-wave neutron elastic scattering on the
proton are analyzed, taking into account the process of radiative capture n + p — d + 1.

2. Due to the fact that the real and imaginary parts of length of the singlet (np)-
scattering are negative, the amplitude of singlet (np)-scattering has the pole at the com-
plex energy, the real part of which is negative but the imaginary part is positive. This
excludes the existence of a singlet quasistationary state of the deuteron, which would
decay into the 7-quantum and the deuteron in the ground state.

We are grateful to S.B.Borzakov, who has drawn our attention to the problem of the
singlet level of the deuteron. :
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On Neutron Electromagnetic Constants Derived from Neutron
Scattering by **Pb

L.V.Mitsyna, V.G.Nikolenko, A.B.Popov, G.S.Samosvat

Joint Institute for Nuclear Research,141980, Dubna, Russia

1.The results of the present paper supplement the data of the investigations with the
enriched 2°*Pb target, which were carried out by the collaboration Dubna-Garching-Kiev
—Riga and described in [1-3]. The total cross sections 0, were measured for the purpose
of extracting the neutron electric polarizability coefficient ¢, and the neutron-electron
scattering length b,,. Measured in Garching [1] four points of &, at the neutron energies
1.26, 18.6,128 and 1970 eV allowed to get the polarizability coefficient
o = {(0.411.5)-10-’ fm*at b, =-1.32-107 fm, O

(-1.1£1.5)-10% fm*at b, =-1.59-107 fm.

Thirteen values of the total cross sections at more wide energy range up to 24 keV
measured in Dubna [2] gave both discussed values:

a, =(2.513.4)-107 fm®, Q)

b, =(~1.63£0.20)-107 fm. 3)
At last the most precise point of 5, at the energy 24 keV was obtained in Garching :

in 2000 [3]. ,
Now we complete all available total cross sections by the data of last work cycle of
the booster IBR-30 in 2001.

2.The measurements were carried out with the cylinder-shaped lead samplé

containing 97.5% of *®®Pb, 232.46 grams weight, 50 mm across diameter and 10.43 mm-

thick. It was placed at the distance ~70 m from the source in the beam and out of its range
every 20 min by turns. The sectional neutron detector consisted of 16 *He-counters was
installed at the 242.3 m time-of-flight path. Whole system was divided into 16
independent detecting-counting subsystems.

Fig.1 presents the experimental spectra with and without target in the beam. Each of
them was accumulated within 36.7 hours of running time. The channel widths were 1 mcs
(lower part of figure), 2 mcs (middle part) and 16 mcs (the upper section). Various

minima on the spectra are caused by filters of Al, Mn and Au, which were located in the -

beam permanently. The backgrounds demonstrated in Fig.1 were constructed on the basis
of broad “black” resonances of Mn (2.37 keV and 336 eV) and Au (4.906 ¢V) and were
calculated by a/(t—d)+b+ct-law, where ¢ is the time-of-flight and a, b, ¢, d are the
fitted coefficients. As at the channels numbers < 350 we didn’t know the background
course for sure, so in high-energy region we applied for taking it into account a new
method described in [4].
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i Fxnghe experimental spectra of counts with the 2“)’ng in the neutron beam
.~ (open points) and without the target in the beam (black points). Lines are

the fitted backgrounds. ‘
, , Table 1
Channel <E, > eV L) c¥,b olb
interval ’ L
4010 =4050 4.14 11.414(40) 11.425(40) 12.461(40)
3920 — 3960 5.97 11.477(24) | -11.484(24) 12.520(24)
3201 -13900 8.3 11.420(12) 11.428(12) 12.464(12)
: 2601 — 3000 .14.6 11.462(10) .| 11.469(10) 12:505(10)
.| 1901 —2400 28.5 11.442(07) 11.447(07) 12.483(07)
- 1501 — 1900 54.1 . 11.438(06) 11.442(06) 12.478(06)
1201 - 1500 108 11.458(07) 11.461(07) 12.497(07)
1001 - 1200 219 11.444(10) 11.448(10) | 12.484(10)
801 —900 461 - 11.442(20) 11.446(20) 12.481(20)
601 —800 691 11.449(09) 11.455(09) 12.490(09)
- 411 -600 1352 11.418(10) 11.426(10) 12.460(10)
- 310-=460 - 2516 11.390(22) 11.388(22) 12.420(22)"
251-300 -~ 4830 11.403(19) °| 11.410(19) 12.440(19)
~191-223 - 9104 11.318(65) 11.326(65) 12.350(65)
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.- All the obtained results are listed in Table 1 for 14 energies of. neutrons. The
intervals of the &, averaging and averaged energies corresponding to them are presented
in the first and second columns. The measured total cross sections o, were converted to
the scattering cross sections ¢’® by subtracting the contributions of **Pb and 2°’Pb
isotopes, of different chemical admixtures and of Schwinger and solid-state effects [5]
(the capture contribution is less then 1 mb). The cross section angf is a measure of purely
Eotential s-wave scattering and has been obtained by subtracting negative contribution of

%Pb s-resonances (mostly of one at 507 keV) and of a small p-wave contribution (< 8
mb).

. 3.Thus, together with the data from reports [1-3] we have 32 values of angf in the

energy range from ~ 1 eV up to 25 keV for analyzing the total scattering length as in [3].
The experimental scattering length

o [om
a= -;—arcsil{ k"% @
T .

A
=R+——b ZF + hE — R 5
¢ A+1 "™ 2,0 ®

was written as

where E is the neutron energy,  is the neutron wave number, A, Z and F are atom weight,
charge number of ?®®Pb and integrated electron form factor [5]. The energy-dependent
«, contribution is presented by the last term in (5), the nuclear part of the total scattering

length R (first term) includes also the energy-independent value a = -3.916-107a, fm
(if ¢, is in 107 fm3), the second and the third terms in (5) define quantities of the
contributions of b, -scattering and of the distant and unknown resonances. The
polarizability form factor Q is determined ‘by the charge ball radius R, = 7.13 fm for
208p} S o .
- Q=%kRN “%(kRN)Z"'Ti:;(kRN)‘- 6)
Thus, by the method of minimization of x* functional we fitted the expression (5) to
all experimental total scattering lengths calculated by (4) with purpose to get four
parameters R, b,,, h and «,, which are presented by the first line of Table 2, and the
Fig.2 demonstrates the quality of fitting;

, , Table 2
N. - . R,fm 10°-b,,,fm |107-h, fm-eV™? [ 10°-ct,, fm’ | x%/n”
I~ 19.9755£0.0016 | -1.75+0.17 -2.245.6 -1.9+1.9 1.40
2 19.5685+0.0006 — -20.4+0.3 1.6820.19 1.23
3 19.973320.0012 | -1.57+0.15 -13.8 1.9420.26 1.61

*n is the number of experimental points
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“:2A’similar task was being solved in our paper [6] with the considerably more precise
data for 2%Pb [7] in the neutron energy interval from ~ 50 eV up to 40 keV. The fitting
with those data led to the parameters shown in line 2 of Table 2.

10,014
10,00

999 1

998 4

a, fm

997 4

9.96

995 +

9,94 4

1 10 160 1000 - 10000
Energy, eV

Fig.2.The experimental a values obtained from [1] (open circles), from [2]
(black circles), from [3] (one open square) and from the present work
(triangles).

As far as the correlations between & and «, is very strong we decided to use much

more precise h obtained from the data of [7] by our method in paper [6] in order to get
more definite &, from our data. The value of R in line 2 is essentially less than R in line 1

because the negative contribution of the s-wave resonance 507 keV to &, was not
removed in {7]. Since this resonance gives h=-6.6-10" fm/eV thereby we took it into
account and fixed h = (—20.4+6.6)-107 fm/eV in our fitting (see line 3 in Table 2).

From the series of fittings with different fixed » we obtained the correlation
Ac, / Ah =0.335. Taking into consideration this relation we attributed a f:ertain error to h
and obtained with h =(-13.8£0.6)-107 fm/eV 7

a, =(1.9410.33)-107 fm® ()]

as the combined result with our a:ﬁf and 4 from the data of [7]. Thus, we have a right to
State that this result does not contradict to one of the best results
@, =(1.20£0.15+0.20) .10~ fm® obtained in [7].

_ 4.The low-eriergy reéion of Garching and Dubna data were also analyzed by the
method of o, (E)extrapolation to neutron energy E, =0[8]. Here the b,, values were
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evaluated from the old o, data for *Pb without making use of the coherent scattering
length. At low energies the contribution of a, is neglected.
The scattering cross sections were described as

o, =k£1(1+p2 —21c0s25), ®)
where
T,T,
(E-Ey)*+T}2 /47
T, (E-E,)
(E-E,) +T} /4
Here E, is the middle energy of the analyzed interval. The near resonances are

taken into account in (9) and (10) directly through their - parameters. The third term in (10)
corresponds to the contribution of distant resonances, and it is equivalent to AE in (5).

u= exv[——z 1 : ©)

8, ——k[R+ 1 2 +R.(E-E,)+b,F). (10)

In analysis of o, for E <130 eV there were only two fitted parameters at R =0: .

R and b,,. At the higher energies R, was fitted as a parameter too. Calculations showed
that the extracted b,, value was not changed if we took the strong resonance at 507 keV

into account directly or not, because the o, data did not exceed the energy more then 2
keV.

s “®pp (Garching)

£'=0.09b, =-1.56+-0.18 R_=-0.36-6

11,51 / B

2
2°=0.08 b =-1.55+-0.21 R =0

11,4 Wl

v ¥ L]
1 10 100 1000
Energy, eV

Fig.3. The results of fitting obtained with the data [9].

The results of fitting are presented in Fig.3 and Fig.4, and our estimations of b,, are
e =(=1.56+0.18).107 fm ' an
for the data of [9], and for data of [2]

b, =(-1.70£0.15)-107 fm. (12)
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)
s 1
11,5 i
¥'=15.9/10b _=-1.65+-0.14 R=0 S
1'=16.9/15 b _=-1.70+-0.15 R =-0.99¢-6
11,44 -
10 100 1000
Energy, eV

Fig.4. The results of fitting obtained with the data [2].

When these results were included in global analysis of all existent experimental b,
values [10] the neutron mean- square charge radius evaluation obtained from the other
data was not changed. It is explained by significant errors of &_, which we extracted

from the data for 2°*Pb.
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Abstract

. Previous studies of gravitationally bound states of ultracold neu-
trons showed the quantization of energy levels, and confirmed quan-
. tum mechanical predictions for the average size of the two lowest en-
ergy states wave functions. Improvements in position-like measure-
ments can increase the accuracy by an order of magnitude only. We
therefore develop another approach, consisting in accurate measure-
ments of the energy levels. The GRANIT experiment is devoted to
the study of resonant transitions between quantum states induced by
an oscillating perturbation.

According to Heisenberg’s uncertainty relations, the accuracy of
measurement of the energy levels is limited by the time available to
perform the transitions. Thus, trapping quantum states will be neces-
sary, and each source of losses has to be controlled in order to maximize
the lifetime of the states. We discuss the general principles of tran-
sitions between quantum states, and consider the main systematical
losses of neutrons in a trap.

1 Introduction

As predicted by quantum mechanics, a neutron bouncing above a mirror
has discrete energy states. Due to the extreme weakness of gravity, these
quantum states exhibit outstanding properties.

First, the mean height of the n'® state is much larger than atomic size,

zn = (n— 1/4)%3 x 11 pm, ‘ (1)

which-has been used to prove the quantization of energy at the ILL high
flux reactor in Grenoble [1, 2]. A neutron flux has been measured through a
narrow slit between a horizontal mirror and a scatterer above. We observed
the discrete behaviour of this flux as a function of the height of the slit. In
particular, the flux is zero if the height is less than 10 um, since no quantum
state can penetrate throught the slit. The classical turning points of the two
first states have then been determined to be [3],

2P = 122+ 1.8, £ 0.7, pm, (2)
o g(uzu) = 13.7 um,

2" = 21.6 £ 2.2 £+ 0.7, pum, (3)
#Z = g(zu [2) = 24.0 pm.
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Higher states are more difficult to resolve. We expect to be able to improve
the precision of position-like observables by one order of magnitude at most.

One second important property of the quantum states is the extreme
smallness of the energies. Indeed, the energy of the ntt state is, within the
Bohr-Sommerfeld approximation,

E, = (n—1/4)%% x 1.7 peV. (4)

Then, the corresponding frequencies f, = ’—fln are small as well. They are
in the kilohertz range, which makes it possible to probe the quantum states
with an oscillating perturbation at these easily accessible frequencies. In the
next section, we will discuss the principle of the GRANIT experiment, which
aims to induce resonant transitions between quantum states. The accuracy
of the transition frequencies is limited by the lifetime in the quantum levels.
To increase the duration of the perturbation, a trap has to be built, and the
third section is devoted to the estimation of lifetimes of quantum states in
this trap.

2 Resonant transitions in the GRANIT ex-
periment

Let us assume that a given neutron bouncing above a horizontal mirror stands
in a pure initial state | V') concerning its vertical motion. We apply a periodic
perturbation, )

V(t) = Re (V(2)e™"), (5)

induced by an oscillating magnetic gradient, oscillations of the horizontal
mirror itself, or by the motion of neighbouring mass. If the angular frequency
w is close to E"—;EM, which corresponds to the transition to an excited state

In), then a Rabi resonance is expected. The probability to observe this
transition is well known,

Pyoon(t) = ——_sin? (,/(w o)+ B %) , (6)

14 (45ee)

where Qyn, = 2(n|V(z)|N) is the Rabi frequency, defining the perturba-
tion strength for the N — n transition. The maximum of the transition
probability, '

max _ ; 7\
N—n 1+ (“’T‘::ﬁln)z ( )
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Figure 1: Maximum transition probability for neutrons ;.)repared in the first
quantum state (straight line) and for neutrons prepared in the second quan-
tum state (dotted line), as a function of the perturbation frequency. The
Rabi angular frequency {2 satisfies § = 0.1 s.

has a Lorentzian shape, and is reached if the perturbation is applied for the
so-called pulse time,
T

(w—wnn)?+ Q%

(8)

Tpulse = \/

Fig. 1 shows the maximum transition probability of the first two quantum
states for frequencies below 1 kHz.

Obviously, the pulse time must be smaller than the storage time of neu-
trons in a given quantum state. Thus, we can deduce from the previous
discussion the two fundamental reasons to increase the storage time. First,
the resonance formula (6) contains the Heisenberg’s uncertainty relation,
AE-T > h/2, where T is the storage time (T > Tpyuise) and AE the width of
the resonance curve. As a work hypothesis we consider that the accuracy of
GRANIT to measure energy transitions equals this resonance width, which
is then inversely proportional to ‘the storage time. In expression (8) we can
see the second reason to increase the storage time, since the perturbation
strength needed for a 100% probability at the resonance is inversely. propor-
tional to the pulse time as well. In the remaining of this section\we wgll
explicit this relation connecting strength of perturbation and storage time in
the case of magnetically induced transitions, and in the next section, we will
estimate the lifetime of the quantum states in the GRANIT trap, which is
of primary importance. : :

For now, let us list the characteristic timescales of the problem:
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1. The pulse time needed to resolve the states is about 10 ms; leading to a
resonance curve with a width of half the separation frequency between
neighbouring states.

2. The flow through mode time is about 75 ms, which is the time a neutron
of horizontal velocity 4 m/s takes to pass above a 30 cm long horizontal
mirror. Of course this time could be increased with slower neutrons or a
longer mirror, but we need to trap neutrons to gain orders of magnitude.
Let us notice, however, that it is possible to.resolve the states in flow
through mode. :

3. The ultimate storage time is given by the 8 decay lifetime of the neu-
tron, i.e. 886 s. If neutrons can be trapped in a given quantum level
that long, energy levels could be measured wjth a relative accuracy of
about 10-8,

4. We may consider the possibility of radiative decays of the quantum
states by spontaneous graviton emissions, Nonetheless the correspond-
ing time has been found to exceed the age of the universe by several
orders of magnitude [4], and can be completely neglected. Therefore,
contrary to quantum levels in atomic or nuclear physics, the gravita-
tional quantum levels are absolutely stable, except for external pertur-
bation or the decay of the neutron itself.

2.1 Transitions induced by magnetic field

Let us examine how strong this perturbation has to be in the case of magnet-
ically induced transitions. Since an uniform magnetic field does not couple
different quantum states, we apply the magnetic gradient !

B= (ﬁzez + ﬁ:ez) z cos(wt)’ (9)

whose variation with time induces two different transitions. The first one
does not change the spin-state and is induced by the gradient of the vertical
component,

V(t) = 1.0,  cos(wt), (10)
where p is the magnetic moment of the neutron. Contrary, the second tran-

sition is induced by the gradient of the horizontal component and changes
the spin-state of the neutron, ’

Vaip(t) = b—ﬁ,ﬁ, % cos(wt). (11)

1This field actually violates Maxwell’s equations. We may add the gradient term
(Bre; — Bre:) z cos(wt), but this term does not couple different; quantum states.
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Figure 2: Magnetic field gradient needed for a 100% transition ;?robability at
resonance as a function of the time during which the transition is performed,
for the 1 — 2 and the 2 — 7 transition. Also shown is the minimum time
needed to resolve the quantum states, the ultimate B decay time, and the
typical time in flow through mode.

This property of spin-flipping is important since it can be used to detect that
a transition has occured. In any case, the Rabi angular frequency is given by

. 2 . :
W =2u B (l2IN). (12

Fig. 2 shows the magnetic gradient needed for a 100% transition probability

at the resonance as a function of the pulse time. If a storage time of 10
s is achieved, then we can use a magnetic gradient as low as 0.01 T/m to
induce the 2 — 7 transition. In flow through mode, a 100be induced by a
magnetic gradient of 0.1 T/m. By using the spin-flip, the sensitivity to detect
the transition can be increased significantly permitting to observe transitions
even with smaller gradients. ‘

2.2 Effects of the Earth’ rotation

Besides the (8 decay lifetime of the neutron, there is another (almost) un-
avoidable effect limiting the precision of the transitions energies. Indeed, the
rotation of the Earth induces non-inertial effects, described by the potential
~Qpann - E, where 2,11 is the rotation vector of the Earth, and L is‘the
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angular momentum of the neutron relatively to the Earth’ center. The main
effect induced by this potential is the coupling between. horizontal velocity
and vertical motion, co

VEarth rotation = —§garth €086 muys 2 ‘ (13)

where vys is the neutron velocity in North-South direction and 6 is the
latitude (in Grenoble cos# = 0.7). Thus, the effective vertical acceleration
of the neutrons is- shifted, depending on its horizontal velocity. For the
first energy state, we can estimate the shift between neutrons travelling in
North-South direction and neutrons travelling in East-West direction, for an
absolute velocity of 5 m/s, '

(ﬂ) ~1078, (14)
El Earth rotation -
Figure 6 shows the corresponding frequency shifts as a function of the state
number. This effect is close to the ultimate sensitivity for energy levels
measurements for the ground state, and is even higher for excited states.
Let us notice that Earth rotation also induces a Zeeman shift between spin-
up and spin-down states, but this effect is much smaller than the ultimate
sensitivity,

(AE)ganth zeeman = Mparth = 6 x 1078 peV. (15)

3 Lifetimes of quantum states in the trap

The trap of quantum states in the GRANIT setup will look like in fig. 3.
It is a 30 cm square bottom horizontal mirror surrounded by vertical side
walls.  The horizontal velocity of neutrons in the trap will be about 5 m/s,
this velocity is limited by the Fermi potential of the side walls.. In this sec-
tion, we estimate the loss rate of neutrons due to geometrical imperfections
of the trap as shown in fig. 3, that is, the waviness of the bottom mirror,
the deviation from verticality of the side walls, and the corner defects. Other
sources of losses, such as the seismic noise, a possible remaining inhomoge-
neous static magnetic field, interaction with magnetic impurities under the
surface, interaction with dust or a hydrogen layer on the surface, interaction
with low-energy phonons in the mirror and diffuse scattering, will not be
considered here.

3.1 Losses due to waviness of the bottom mirror

Let us assume that the bottom mirror has a wavy profile £ (z), so that a
neutron with horizontal velocity v sees in its rest frame a time-dependant
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Figure 3: Scheme of the GRANIT trap for gravitational quantum levels
of UCN. It shows the main geometrical sources for losses of neutrons: the
waviness of the bottom mirror, the deviation from verticality of the side wall,
and the corner defect.

boundary £(vt). We aim to calculate the loss rate due to the transfer of
horizontal velocity to vertical motion. This problem has already been solved
in the case of seismic noise [5], and will be developed in more details in a
forthcoming publication. Following this perturbation approach, it can be
shown that the rate for the N — n loss channel reads

ey (—ﬁ—) UPSD( - ) (16)

where fnn is the frequency of the N — n transition and PSD(K) is the
power spectral density of spectral noise, oy

2

PSD(K) = lim + / ¥ e(z)etinKegy (17)

L—+oo [,

The GRANIT bottom mirror has not been nuilt yet, but the power spectral
density of a high-quality 300 mm Si substrate has been measured with several
characterisation methods 6],

K

-2.9
= 1) " 2x107* nm? mm. (18)
mm~—

PSD(K) = (
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It is thus possible to estimate the loss rate of a given quantum level, summing
all final states in eq. (16). The result is shown in fig. 6, as a function of
initial state quantum number, and for a horizontal velocity of 5 m/s. For the
first 30 quantum states of interest, the rate of losses due to the waviness of
the bottom mirror is much smaller than the § decay rate.

3.2 Losses due to deviation from verticality of the side
wall »

A vertical ‘'side wall is obviously a necessary feature of the GRANIT trap.
Here we estimate how precisely vertical this wall has to be. The probability
of transition to different states due to deviation from verticality of the side
walls can be calculated in the framework of the "sudden kick” approximation.
Indeed, the collision with a wall can be treated as a sudden kick, during
which the neutron gets the vertical momentum k sin(2a), where « is an angle
between the wall and the vertical direction, k = mv/h is the wave number
of horizontal motion. Following the solution given by A.B. Migdal (see e.g.
[7]), we immediately get the probability to leave a given state |N) during a
collision,

Py =1~ |(N| exp(ik sin(2a)z) |N)|? (19)

The result is shown in fig. 4, for neutrons with horizontal velocity of 5 m/s,
and for different values of .. Notice that this probability is a quadratic
function of v o (for small o). As shown in fig. 6, the corresponding loss
rate [} = £ ¥ (for o = 1073 rad and v = 5 m/s) is comparable to the
B decay rate for the very first quantum states, and is more than ten times
larger for state number bigger than 10. We conclude that specific efforts have
to be undertaken to set the verticality at an accuracy better than 10~5. This
will be challenging, because the height of the side mirror is as low as = 1
mm, but such a precision seems possible.

3.3 Losses due to defects in the edges

The bottom mirror edges cannot be perfectly flat, we will consider the real-
istic case where a 50 um brink, considered here as a hole, is present for the
whole boundary. Neutrons can either be lost in this hole, or be reflected by
the hole in a different quantum state. To estimate the probability of leaving
the initial state | V) during the collision at the corner, we assume a free fall
evolution (without bottom mirror) during the classical time:

2x50 pm

. o tems = e (0)
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Figure 4: Escape probability from quantum states while colliding at the side
wall as a function of the quantum state number, for different values of the
angle o between side wall and vertical axis.

the effective size of the hole is twice the geometrical size due to reﬂection on
the vertical mirror. Since the propagator of free fall evolution is well known,
the wave function at time tgee fan reads:

m \V2 g () o

== e Y(Z',0)dz. (21)
W e ) (2i7rht) / ,0)

The amplitude for the neutron to be reflected in the same quantum state

|N) is thus given by the overlap of this evolved wave function with the wave

function corresponding to |N):

An®) = [ v (@2 o w)dz (22)

The loss probability, 1 — |Ax|?, is shown in fig. 5 as a function of the falling
time, for the first quantum states. This figure shows clearly that the quantum
states are completely lost after an elapsed time corresponding to 10 ym free
fall {/2-10 pm/g = 1 ms. It also shows that for smaller times, all quantum
states have the same probability to be lost, that is, P ~ ’1()“3 for tree fall-
As shown in fig. 6, the related loss rate D™ = L P™ is ten time;‘. larger
than the § decay rate. To reach the ultimate sensitivity, specific efforts

have "to”be . undertaken to minimize the ‘corner defects. However, “even in’
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Figure 5: Probability for losing quantui states due to free fall as a function
of free fall time, for the first quantum states.

the pessimistic situation presented abdve, corner defects do not forbid 10 s
storage tinie for trapped quantum levels,

4 Conclusion

The GRANIT experiment will measure the transition energies of gravita-
tionally bound quantum states of neutrons below the kilohertz range, by
inducing resonant transitions, The commissionning phase of GRANIT will
start in April, 2008, and the first Ineasurements are expected in 2009. We
argued that increasing the storage time of trapped neutrons is an essentia)
feature of the GRANIT experiment, since the width of the resonance curve
is inversely proportional to the pulse time. We showed that magnetically
induced transitions are doable even in flow through mode, and it will be
possible to resolve the first resonances in'the very first stage of the GRANIT
experiment. The accuracy of the transition energies is limited by the 0 de-
cay lifetime, and by the shift in energies due to noninertial effects induced by
Earth rotation. This last subtle effect can in principle be avoided using only
neutrons travelling in the East-West direction, but this will not be necessary
since this effect will be dangerous only if we approach the ultimate sensitiy-
ity. Then the lifetime of trapped quantum levels due to imperfections of the
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trap were estimated, and compared to the ultimate B decay storage time.
We showed that the waviness of the bottom mirror is by no means a prob-
lem. The main source of losses comes from the side walls of the tr.a;‘): .both
the deviation from verticality and the corner defects have to be minimized.
Even in the most pessimistic case, a storage time of 10 s in the trap cafl be
reached, corresponding to the relative accuracy 107 of transition energies.

QUANTUM LEVELS LIFETIMES -~ GRANIT PRELIMINARY

Wall's verticality

Corner defect
Earth rotation

B decay
Mirror's
v=50ms L=03m
tan(a) = 1e-05
% 3038

N (state number)

Figure 6: Loss rate of trapped quantum states as a function of the level
number, due to effects analysed in the text: B decay, waviness of the bottom
mirror, free fall in the corner defect, deviation from verticality of the side
walls. Also shown the minimum loss rate needed to resolve the state, and
minimum loss rate needed to be sensitive to Earth rotation bluring of the

energy levels.
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&ew experimental method to determine the averaged squared radius of the nuclei in the
process of the direct and isomer fission

Ts. Panteleev, C.D. Oprea; A.L Oprea
141980 Dubna, FLNP-JINR

. Abstract. It is proposed a method for the measurement of the mean squared radius of
the 2%U nucleus during the fission process from the first and second potential barriers. This
approach consists on precision determination of the energetic isomer shift of the X-ray quanta
of the *°U nucleus or difference in the intensity of the Kqand Kglines measured in
coincidence with processes of isomer and (n,Yf) fission.

1. Isomer displacement of the X lines
Electric charge of the nucleus (monopol) interacts with the electrons from the atom
shells, the finite dimensions of the nucleus and the non zero value of the electron wave
function changes the energy of the atomic nuclei. Approximately we can write [1]:

2
aE =72 O) (R’) m
<R2>= averaged squared radius of the electric charge distribution of the nucleus

Y(0) = the electron wave function in the range of nucleus (supposed to be constant)
.. To evaluate the isomer displacement of X lines it is necessary to know the density
of the K-electrons in the range of atomic nucleus. In the case of the nerelativistic case of

hydrogen type atoms we have:

1 (22 % 2Zr
lI’(I’) = ﬁ(;{?] cxp[—- ?] (CV) . (2)
AE= 87.072‘[5MJ ®)
2

For ;U AE=123eV
- in the relativistic case
-For JU AE=2240¢V
These evaluations are only a higher limits of displacement as the screening effect
due to the presence of electrons in atom is neglected
Necessary condition to observe and measure in experiments the isomer
displacements
Touct > Ty @
The time of life of excited nucleus must be more higher than the time of life of
excited electron in atomic shell. If this condition is not respected the nucleus de-excites faster
than the electronic shell and the information about excited nucleus will be loosed. So

T 2107 s,

o 2." Isomer displacement of neutron resonances [2-6].

Lo The isomer displacement of the neutron resonances is the result of hyperfine
Interaction of the nucleus charge with the electronic shells of the atom. With approximation

We can write:
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AES =1 22700, (0A(R?) " ®)
6¢,
p.(0) = different electron density in the nucleus in the chemical liaisons

AR;: the modification of the squared averaged charged radius of the nucleus after the

capture of the neutron

In the papers [2-6] the problematic is very well described experimentally taking into
account the oscillation of the crystal, different chemical liaisons, corrections of the isomer
displacement. In [6] there are a very good theoretical description of the isomer displacement
taking into account temperature corrections, recoil energy corrections and other. From [6] the
isomer displacement of neutron resonance is very small and is of the order of 26 10 ¢ V.

.-3. The new method of the determination of the averaged squared radius.

... When the nucleus capture a neutron the radius of the nucleus is increasing and also the
radius of the nucleus charge also is modifying. In the case of spherical nucleus the
perturbation induced by the radius modification is very small (the Rydberg correction [7-8]).
In-this case the influence to the wave functions of the electrons is very small and the
difference in the X lines intensity are also very small. .

The situation is different when is the case of heavy deformed nuclei participating in
the fission reaction. In this case it is expected that due to the deformation of the nucleus to
have a modification that cannot be neglected in the wave function of the electron.

" The nucleus captures a neutron and the time of life of suppose that the compound
nucleus respect condition (4), 7,,., >7,,. -

The neutron capture acts like a sudden perturbation and the atom can be ionized and

electrons from K or L shells can be captured by the nucleus. In this condition it is possible to

observe difference between the ratio of K, and Kg lines. This ratio contains information of the

averaged squared radius and a modification of this ratio gives us information about the 3

averaged squared radius.

To evaluate the ratio of K lines we must evaluate the modification of the electron |
wave function due to the sudden perturbation realized by neutron capture in condition of well

deformed compound nucleus. Problems of sudden perturbation are treated in [7-9]
As starting point is the evaluation of the amplitude of an electron be in an state i in
one atom (not deformed) for example and a state f in perturbed atom, f [91. -

a, ~ (¥;wdr (6)

A difficult represents the evaluation of the wave function in the final state f in
deformed nuclei. Using (6) it is possible to evaluate the transition in different final states f

including one free state, for example an electron due to a sudden perturbation to become free.

The intensity of an X line due to the transition of an electron to inner shells is proportional to

the sum of square conjugate of coefficients (6).

4. Discussion. In the present now the authors are working to the theoretical

- evaluation of the difference in the intensities and to the setup of the experiment. Also a clear

theoretical approach for the evaluation of the intensities of the X-rays lines there is not. One
difficult of the choosing of the theoretical is connected with the existent experimental data on
the ratios intensities of the X-ray transitions. We have decided to analyze the intensities when
the nucleus is not excited by the capture of a neutron and in the case when the nucleus is
excited by capture of a neutron. A heavy nucleus by capturing a slow neutron forms a
compound nucleus with a high density of states. It is expected also after the capture of the
7
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neutron the compound nucleus will be deformed. By deformation the compound puc]eus will
change his radius and for high excitation the compound (nuvcleu‘s can change also l.ns §hape and
As is expected the deformation of the compound nucleus will influence the dxstrlb_utlon. of
electrons shell. The interaction of the target nucleus with the neutron leads to the modification
of the form, radius of the nucleus and distribution of the charge in the nucleus and as results
the compound nucleus will emit gamma quanta. This gamma quanta by traversing the electron
shell will strike out an electron from the inner levels and an electron from outer level will
occupy the lower level by emission of an X gamma quanta. In this way the difference in
intensities when the nucleus interact with a neutron and when the nucleus is not interacting
with the neutron can give us an information about the averaged squared radius of the nucleus.

References.

[1] V.K. Ignatovich, Yu. Ostanevich, Ts. Panteleev, Preprint Dubna, P4 — 7696, 1974

[2] G. G. Akopian, V.A. Vagov, K. Zeydel, A. Meyster, D. Lubst, L. B. Pikelner, S. Szalai,
Preprint Dubna, P3 — 11740, 1978

[3] K. Zeydel, A. Meyster, D. Lubst, L. B. Pikelner, Preprint Dubna, P3 - 11741, 1978

[4]1 K. Zeydel, A. Meyster, D. Lubst, Preprint Dubna, P3 - 11742, 1978

[5] K. Zeydel, A. Meyster, D. Lubst, L. B. Pikelner, Preprint Dubna, P3-80-135, 1980

[6] V.K. Ignatovich, Preprint Dubna, P4-2001-256, 2001

{71 AB. Migdal, B.P. Krainov, Priblizhenye Metody Kvantovoy Mekhaniki, Izdatelstvo
Nauka, Glav. Red. Fiz-Mat. Lit, Moskva, 1966

[8] G. Breit, Phys. Rev., Vol.42, p.348, 1 November 1932

[9]1. S. Levinger, Phys. Rev., Vol. 90, Nel, 1 April, 1953

65



Comments to the problem of experimental determination of the neutron- -
electron scattering length and its theoretical interpretation

A.B. Popoy, TYu Tretyakova
Joint Institute for Nuclear Research, 141980 Dubna, Russia

Abstract

We discuss the experimental data on the n,e-scattering length b, and the values of

mean square charge radius of the neutron < r? >, obtained from them. It is shown
that the accumulated during the last 50 years most significant experimental estimates
of the b,, are not contradictory and lead to the average value

<r?>=-0.1178 £0.0037 fn®.

Assuming that all the authors have underestimated the errors of their measurements
by a factor of 1.7, the combined fit of all available experimental data would lead to

2% ~1 per degree of freedom. Different modern theoretical _predictions of < r? >,
are considered. They are found to be in a good agreement with the obtained
experimental value < l;2 >,. However the existing theoretical description of the

structure of neutron does not provide a value of < l;2 >, with a sufficient accuracy.
Introduction

Since first work of E. Fermi [1] for more than 50 years the question about n,e-interaction

attracts attention of both experimentalists and theorists. During these years many experiments

with different methods for determination of n,e-scattering length b, were carried out and

theoretical ideas about connection of b,, with mean square charge radius of a neutron « k>
were developed. The view of nucleon internal structure has changed significantly and now it
is based on Standard Model principles. Unfortunately, the existing experimental estimates of
b,, are widely different, which allows to divide these values in two groups which differ by
more than three standard deviations [2, 3, 4, 5]. Moreover, in the beginning of 50™ Foldy has
showed that n,e-scattering length b,, could be devided in two parts, the second one depended
on anomalous magnetic moment of neutron and named as “Foldy length”
__ue’
be = 2M c*

called “intrinsic” charge radius of neutron< r? >, which will have different sign for the two

groups of experimental results. The physical meaning of <r? >, at least its sign, was the
subject of a long-term discussion. The positive value was admitted by some authors as
unphysical [3], that put under doubt results of the most numerous group of experiments,’
which gave values of n,e-scattering length b,, =—(1,32£0.03)-107 fm.

In work [7] the Foldy’s description of n,e-scattering length was revised on the basis of

the Dirac’s équation and it was emphasized that b,, is related to the complete coefficient in

front of divE - term in the equation, so that the charge distribution is connected with the total

P

, 66

=-1.468-107 fin [6]. Taking into account this Foldy length one can obtain so- - |

li;e of .5, only. Consequently the mean square charge radius of a neutron is related only to
va *One

this value, i.€. )
M b, o

€

Since papers [8] and [9] it is accepted to estimate the value of < rf >, using this equation.

2y -
<r’>,=

3m,
The coefficient before b,, can be expressed through the other constants: 7 a, (where

n

2

2
e
i ius)’ o =—).
“ay = — is the Bohr radius)or e ( — )
in the compilation of the Particle Data Group [10] the ten experimental results are

shown and the recommended value is obtained by averaging only five of them:
<r?>,=-0.1161£0.0022 fm®. ¥
In this compilation the authors use the result of [11], obtained in 1986 from the neutron total

- cross section of Bi, which was subjected to serious criticism in [12]. On the other hand the

largest absolute value of b,, =-1.60%0.05 mfin from neutron diffraction on a single crystal

of "W [13] was ignored. )
Analysis of existing measurements

In present work we consider a more complete set of b,, experimental data and co;responding
values of <r?>_, adding estimates of b,, from works [13] (for a single crystal of W),

[14], [15], [16] (corrected for Schwinger’s scattering in [2]). and reqcnt result [17], obtained
from the structural factors for liquid Kr by method proposed in [5]. . '
All collected data are summarized in Table 1 and fig. 1. The calculations of the

average < r’ > value are performed uéing the MINUIT program [23] for several approaphes.
The corresponding results are shown in Table 2. We use different sets of experimental
results: first 14 experiments from Table 1, the same set but without the value for'**W , the set
with two additional points from new estimations of b,, from neutron- scattering -total cross *
section on®®Pp, obtained from the analysis of Garching group data [8] and the result of
FLNP experiment [22]). In the last set we also use the original result [11] instead of re-
estimated value of < r? > for Bi from [20].

Thus, we éan conclude from Table 2 that the existing estimates of b,, give an average
valueof <r? >: : '
<r?> =-0.1178+£0.0037 fin® . 3)

In the fig. 1 we show the fitting results of average <r’>, value using the- original
experimental data. It can be seen that all experimental points differ from the average value by

" not more than three standard deviations except the result for'**W [13]. Rejection of this point

"does not change the result significantly and leads to the average value:
7 <r}>,=-0.1153+£0.0024 fn®. “@
Both results correspond to 95% confidential interval and are in a good agreement within'
errors with the value recommended by Particle Data Group.
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It is possible to draw a conclusion, that all available experimental estimates of-b,,
(<r?>,) are not in contradiction with each other under assumption that the authors have

underestimated errors of their experiments by less than a factor of two. This assumption is
quite realistic taking into account the presence of strong corrections of a different origin in
each experiment, which accuracy is really limited and requires a serious reassessment.

Table 1. n,e-scattering length b,, and mean square charge radius of neutron<r? >, -
Bold font in column *“Year” marks the value used in later averaging.

Experiment Year b, - 107, fm < ’,.2 >, fm?
W. Havens, liquid Bi o, [14] 1951 -1.89£0.36 -0.163£0.31
Huhges, mirror Bi/O; [15] 1953 ~-1.39+0.13 -0.120+0.011
Melkonian, Bi cryst spectr &, [16] | 1959 -1.56£0.05 —0.1351£0.004
Re-estimation, Koester 1976 -1.49+0.05 -0.127+0.004 ]
Re-estimation, Kopecky  [2] 1997 | -1.44£0.03+0.06 | -0.1240.003+0.008 |
Krohn, angle distribution on gases | 1966 -1.34%0.03 -0.116+0.003"
Re-estimation, Krohn  [18] 1973 -1.33£0.03 —0.115+0.003"
Alexandrov, ™W  [13] 1975 -1.60+0.05 -0.13810.004
Koester, filters - b_, Pb  [19] 1976 | -1364+0.025 ~-0.118£0.002" ¢
Re-estimation, Nikolenko [20] 1990 ~-1.32%£0.03 -0.114+0.003
Koester, filters - b_, Bi [19] 1976 | -1.393%0.025 -0.120£0.002"
Re-estimétion, Nikolenko [20] 1990 -1.33+£0.03 -0.11520.003
Alexandrov, TOF o,- b, Bi[11] |1986| -1.55%0.11 ~0.134£0.009° |
Re-estimation, Nikolenko [20] 1990 | -1.40£004 -0.121£0.004
Koester, filters - b,,, Pb, Bi [21] 1986 [ -1.3210.04 -0.114+0.003" |
Kopecky, liquid **Pb TOF ¢, [9] | 1995 -1.31£0.03+£0.4 | -0.113+0.002+0.003 ’" 1
Koester, “®Pb, Bi TOF [8] 1995 -1.32£0.03 -0.114%0.003"
Kopecky, liquid 2*Pb TOF o, [2] | 1997 [ -1.33£0.03+0.03 | -0.115£0.003+£0.003" |
Kopecky, liquid Bi TOF o, [2] 1997 [ ~1.441£0.03+0.04 | ~0.124£0.003%0.005" |1
Magli, diffraction on liquid Kr [17] | 2006 | . —~1.40+0.10 ~0.1210.009 ‘
Wasch.-LNP, **Pb 2006 -1.56%0.18 -0135+0.016
LNP, **Ph TOF ,-old [22] 2006 -1.70+0.15 -0.147£0.013
Estimation of Particle Data Group 2006 -0.1161£0.0022

(10] ;

. "Data used for estimation of average < r} > by Particle Data Group
" Data included in Table of Particle Data Group but not used for estimation of < r* >

Theoretical aspects

v

: Let us consider the modermn theoretical view on neutron charge structure. First of all it should §
* be noted that the definition of mean square charge radius < rf >, works in coordinate space
in non-relativistic assumption. But in most of modern theoretical

s

68 -

Table 2. Average valuesof <7’ >,.

) Number of points - x> < r} >, fm? Confidence
- interval

14 points 394 | -0.1172+0.0012(0.0021°) 67%
14 points 394 —0.1172£0.0023(0.0040%) 95%
Without W 9.87 -~0.1153£0.0012 67%
- 9.87 —-0.1153+£0.0024 95%
With two last points for 46.5 -0.1178 £0.0022 (0.0037") 95%

203ppy and Bi from [11],

17 points '
17 points, errors are 16.1 —-0.1178£0.0037 95%
2
increased by X X
n-1
. x’l
*Error corrected by factor x
"n—
T ' l—l T I L] L) I T T L] l L)
1951 Havens 141 )
o 1953 Huhge§[15]
1959 Melkonian, re-est [2]

1975 Alexandrov W [13]
. ~o-

1986 Alexandrov Bi {11}~
—e—

1986 Alexandrov Bi, re-est [20]

1997 Kopecky Bi [2]

- 1966 Krohn, re-est [18]

»- 2006 Particle Data Group [10]
% averaging of all exp data
1976 Koester Bi, re-est [20]

o- 1976 Koester Pb, re-est [20]

_;_
e~ 1995 Kopecky [9]
&~ 1995 Koester {8)

1986 Koester Pb [21}

ie— 1957 Kopecky Pb [2}

2006 Magli [17]
2006 Wasch.-LNP
2006 LNP Pb [22)
T U NN PRI B PN W ONE USSR T
020 18 016 014 012 010 D08 006 O
<ré>, fm?

Fig. 1. Neutron mean square charge radius < ? > from different experiments and the average value.
e n .

 The shaded area shows the 95 % confidential interval.
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approaches hadron charge structure is considered in impulse space and its distinctive

characteristic is the dependence of nucleon electromagnetic form factors on momentum -

transfer. At small values of momentum transfer form factors reflect such nucleon features as
its charge and magnetic moment, radii of charge and magnetic moment distributions, whereas
at large ones they constitute the information on quark structure of nucleon corresponding to
quantum chromodynamics. ) :

Electromagnetic structure of nucleon is determined by matrix element of current
operator j, which can be expressed via two form factors: :

(eiulp) =7@)[R @), + Fo@io,uq” 12m]u), :

where M is the nucleon mass, ¢ is the square of momentum transfer. Fi(q’) is Dirac form 4

factor carried information on charge and normal magnetic moment of nucleon, Fz(qz) is the

Pauli form factor corresponded to particle anomalous magnetic moment. Form factors F. ,(qz) ‘
=0 on their charge and magnetic

and Fy(q?) for proton and neutron are normalized at
moment values:

FP(0)=LF"(0)=0,F7 (0)=179,F; (0)=-191

For description of the nucleon total magnetic moment and charge radius in [24] charge :

and magnetic form factors were introduced ' -
2
q
Ge(q*)=F, @)-=F @) and ®)
Gy (a*)=F, (¢*)+F, (¢%). ©)

Such expressions are optimal from the experimental analysis point of view because
they do not interfere in well known Roesenbluth formulae for differential cross section of
electron scattering on space target with spin Ya:

G,’

2
2__ 9
do _(do vGE aM? _.q
dg dQ Mot 1_ ‘12 T

e
2m7 o ztgz(f)
aMm?

Sacks showed [25] that in Breit system just form factors of such form corresponded to
Fourier transforms of the charge and magnetization distributions, that is why they were named
as electric and magnetic ones. Formally all other form factors (Dirac, Pauli, their isovector or
isoscalar combinations) also can be presented as Fourier transforms of some space
distributions too, but most likely it would be formal presentations without any physical sense.
Respectively for every form factor at g> — 0 the mean square radius of associated space
distribution can be defined: L
dF, (%)

dq*

In the case of charge form factor G this quantity corresponds to nucleon mean square
charge radius obtained from experiment.

As soon as G is expressed through combination of Dirac and Pauli form factors, the
neutron charge radius < r? >, can be presented as a sum:

2 _
<r’>=-6 i

v

<rf>"=r,2+r}o,dy, , )
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dF"(q")
dq*

magnetic moment). The second part, Foldy term [6], appears due to t'he “gejneration of tl}f:

electric field by the anomalous neutron magnetic moment because of its “zitterbewegung”.

With the neutron magnetic moment 4, =—-1.91 the value of this term is 7, =-0.126 fn®

38,

and rp, = e (4, = F;(0)- the neutron anomalous

= 2 _
Where hn= 6 g%=0

anid it is very close to experimental estimations of < k>,
This fact attracts the attention of theoreticians and during last years several works have
evolved which consider the radius r?, connected with Dirac form factor [26, 27, 28, 29, 30]

and attempt to find the physical meaning of this quantity. It was shown that in non-rclativisti_c
approximation, with the SU(6) symmetric wave function, the neutron charge form factor is

identically zero Gg (g*)=0. Attempts to inéorporzite the relativistic effects result in

r}=—r}. SO in this approximation the value of neutron charge radius is still zero
1~ 0l

<r?>,=0[27,28]
In [26] the higher order in expansion on 1/m" (wherem is the quark mass) was used .

and the dependence of nucleon characteristics on quark anomalous magnetic moments was
considered. The fit of the nucleon static properties results if the reasonable values for nucleon

magnetic moments f,=-1.92 and u,=3.09, and neutron charge radius < r} > =-0.125 fin®
(2 =0002 fin®, r}, =-0.127 fin®)
The other authors [29] believe that the agreement between <r? > ™

accidental and underline that the rest frame charge distribution of the neutron should be
associated with the form factor G and not with F". In this work it was shown that in non-

p 2
and rg,,, is

relativistic regime the cancellation between r”and r,fo,dy happens indeed for large nucleon
sizes and it is independent of the detailed form of quark spin coupling scheme.and wave
functions, while at the physical nucleon scale the value of r’is strongly dependent on the
choice of quark spin coupling scheme. : . o

In [28] the connection of neutron charge radius with Dirac equation is dlscussedrmog:
closely. Authors consider the Dirac equation for a finite-size neutron in an external e!ec;trgc
field and incorporate Dirac-Pauli form factors in it explicitly. After a non-relativistic
reduction, the Darwin-Foldy term is cancelled by a contribution from the Dirac form factor,

Lo e .
so that the only coefficient of the external field charge density is 3 <r?!>,, i.e. the mean

square radius associated with the electric Sachs form factor G;. This result is similar to a
result of [27], however it is independent from any definite neutron quark subst.ructqlte. The
neutron just has to have a form factor. Furthermore, the analysis is ix} keeping . with ‘thc
philosophy that the basic equations for the neutron should be expressegl in tf;rms of 2 Dirac
Hamiltonian, while the physical picture emerges from a non-relativistic reduction, which only

| contains < r}>_. In [28] it is noted that Gjcontains the buried term, which depends on

neutron anomalous magnetic moment and contributes the most to the neutron charge radius.

- The analysis and conclusion are in good agreement with the analysis of [31] for low-energy
, Compton scattering from nucleon. : ~

~ The results of these calculations and nucleon features obtained in other models are
given in table 3.
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It should be noted that we are interested in region of low momentum transfer, which is
beyond the limits of perturbative quantum chromodynamics, so for nucleon static
characteristics description some models  should be used. The one exception is the. lattice
calculations share basic principles of QCD. During the past few years this field has
progressed substantially and now the resﬁ]_ts for nucleon properties agree satisfactorily with
the experimental data [36, 37]. However these calculations have not given an understanding
the physical picture, the different model approaches as quark model, for example, retain their
importance. A reliable calculation of:the nucleon static characteristics should incorporate
many contributions, such as relativistic effects in the nucleon wave function, its nontrivial
spin structure, exchange currents within nucleon, pionic

Table 3. Theoretical estimatiohspf nucleon magnetic moments and
mean square charge radii.

Reference u, u, < rz2 >, fm? | < re2 >, fm®> | < rl2 >, fm?
Experiment -1.91 -0.118
PDG [10] 2.79 -1.91 0.757(14) -0.1161(22)
Model
RQM [30] < ~.005 + 0.009
[32] 2.88 -1.58 0.62 -0.185 : -0.084
[26] 3.09 -1.92 -0.125 0.002
QM [33] 3.05 -1.55 0.58 -0.256
PQCD [34] 0.689 -0.119
LFCBM [35] 2.95 -1.79 -0.110
LC [36] -0.113 (17)
[37] 2.72(26) | -1.82(34) | 0.685 (47) -0.158 (29)

fluctuations of constituent quarks [30], anomalous quark magnetic moments, etc [26].
Calculations of these corrections-are a difficult enough problem so it is difficult to treat the :
accuracy of one model or another and to wait for precise description of experimental data. At
present state the experimental results are more accurate than theoretical calculations. They can
be used as a criteria in deciding between different theoretical models [30].

Thus it can be stated that in recent publications (except [3]) the authors do not mention
the separation of Foldy term from experimental value of b,,. Obtained from b,, experimental

estimate of <r’ >, is considered as a total mean square charge radius of neutron. The

statement [3] about division of experimental data in two groups and that part of these data are
in contradiction to modern physical theories has no meaning evidently (see table 1 and
figure). Considering theoretical approaches mentioned above one can notice that <7’ > can

be divided into two components, related to Dirac and Pauli form factors, but in different
models the relation between these two components is different and so-called “intrinsic”,

charge radius of neutron< r* > connected with the Dirac form factor may have either positive
g 1 Yy p

or negative sign. Moreover in some papers it was shown that consideration of Dirac equation_
for neutron at non-relativistic limit leads to vanishing the Foldy term, while the term,-

expressed through <r’ >, is still present. It is responsible for interaction of neutron with
extemal electric field. This means that in Born approximation the n,e-scattering length b,_,:
depends only on the total charge radius of neutron < r* >, , as stated previously in [7].
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Conclusions

The problem of b,, and neutron charge radius estimation appears to be less pressing. It is

unlikely that existing set of experimental data should be considered as self-contradictory. The
average value from all experiments : .

<r?>,=-0.117810.0037 fin®
within limits of its accuracy of 4% corresponds to confidence interval of 95% even including
the result for "W, which differ from the average value by more than 5 standard deviations
If this measurement is excluded, the average value becomes .
<r?>,=-0.1153£0.0024 fn* ,
with accuracy <r’ >, — 2.5% for confidence interval of 95%.

Of course, extraction of b™ .from different experiments required important
corrc<.:tions tf’ be made. That is why new experimental proposals using new approaches are
very 1nterestxr}g, however it is naive to expect that they could lead to abrupt changes in the
problem considered. It is very important to perform an experiments with accuracy better than
2.5%. Proposals of precise measurements using interferometers are worth to mention [4, 38
39]. The experiments to measure the structure factors. of noble gases [5, 17] may be u;efui
also. However more precise experimental determination of <r?>, cannot improve its
physical interpretation due to ambiguity of theoretical descriptions of nucleon structure
nowadays. But this precise experimental value of < r? >, would be very helpful in future
development of nucleon characteristics.
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Abstract -

We present the status of the development of a dedicated high density ultra-cold
neutron (UCN) source dedicated to the gravitational spectrometer GRANIT. The
source employs superthermal conversion of cold neutrons to UCN in superfluid he-
lium. Tests have shown that UCN produced inside the liquid can be extracted into
vacuum. Furthermore a dedicated neutron selectior: channel was tested to maintain
high initial density and extract only neutrons with a vertical velocity component
vy < 20 cm/s for the spectrometer. This new source would have a phase-space
density of T'yey & 0.18 cm~3(m/s)~2 for the spectrometer.

Introduction

The solutions for Schrodinger’s equation for a neutron bouncing on-a reflecting
horizontal surface in the earth gravitational field are given by Airy functions [1]. This
textbook example of bound energy states in a linear potential has been demonstrated:
experimentally at the high flux reactor of the Institut Laue Langevin [2, 3]. A new
gravitational spectrometer, GRANIT [5], is being built to investigate these quantum
states further, and to induce resonant transitions between' gravitationally bound
quantum states. Applications are a refined measurement of the electrical charge
of the neutron, the search for the axion [4], and other additional forces beyond the

*Corresponding author: Tel.: +33 4 76 20 70 27; faz: +33 4 76 20 77 77. E-mail address: schmidt-
w@ill.fr
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del. Experiments at the present UCN source are limited by counting

isti (:i S);Stématic effects'. In these conference proceedings the advauces f)f

St:tlzt.x(sta;l UCN source, based on superthermal conversion of cold neutrons in
a dedicate on ,

superfluid helium are described.

General aspects of Helium-4 based suﬁérther—

mal converters

The dominant process in the conversio.n is the excitation of a single phonon ir:\s.iz%t_e
the superfluid helium. Cold neutrons with a wavelength around 8.9 A (k =I§7r/ =
0.7 A~1), i.e. 1.0 meV kinetic energy, can be scatt_eregi down to the ultra-cold energy
range by emission of one single phonon [6]. Multiphonon processes may a.lsodolcjccl;;}
depending on the incoming neutron spectrum [7, 8]. The resulting saturate

pucn =P -1, . . (1)

is determined by production rate density P and neutron storage time 7 inside the

converter volume. The rate

1 1 1 1
1/r=—+—+-—+ y
T3 Twall Tup Tabs

- @

includes contributions from all existing loss channels (neutron beta (Elecay, lgsses
due'to'wall collisions, up-scattering due to phonons, nuclear absorption by ‘He-
impurities in the helium). As the absorption cross section of *He is zero there is no
absorption inside a pure converter.

The ‘equation of detailed balance,

, ‘ E* E'—E .
ron— ) = e () 08 — B, @

relates the cross sections of a two level system, as our one-phonon excitation pro-
cess, dependent on temperature.’ For T — 0 K the up-scattering cross sec-
tion will be arbitrarily small. In pure ‘He only two contributions to the. Fota.l,
storage time remain; the neutron beta decay and losses due to wall collisions.
The UCN production rate density is defined as.the conversion rate of neutrons
to energies below the Fermi.potential of the walls of the converter volume and
is thus dependent on the wall material. - The production rate density expected
for the 1-phonon process in a beryllium (V¢ = 252 neV) coated (fonverter.vol-
ume (Vg = 252 neV) is A = (4.55 £ 0.25)-- 10~8d®/dA|x-s~'em™3, with the differ-
ential flux at A* = 8.9 A given in em=2s~!1 A -1]g].

Source concept

GilANIT and its source will be positioned on the neutron beam H172 on lev'el. C of
the high flux reactor at the ILL (see fig.1). A crystal monochromator, positioned
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Figure 1: Setting of the monochromator, the source,,
ILL. (For more details see: www.ill.fr/pagm/science/imgs/PlanInstILL.gif)

ystematic effects concerning these measurements see G. Pignol (these proceed-

and GRANIT inside level C of the

- 12 m downstream from the cold source, will reflect 8.9 A neutrons under a take

off angle ‘of 8 = 61.2°. Between monochromator and converter volurie %3 m long
neutron guide with m = 2 supermirror coating will be installed. The téduction
in background will outweight by far the decrease in conversiori rate due to the
imperfect. monochromator and the omission of multi-phonon procésses. A nitrogen
cooled beryllium filter will be installed further upstream of the monochrgmator to
reduce high energy neutrons at the monochromator position. "As-source we will
employ an existing apparatus [10] modified for our new Tequirements; a continuous
flux of UCN within a narrow: phase space element. e

A sketch of the converter volume with heat screens and extraction is shown in
figure2. The UCN will diffuse from the converter volume through a highly specu-
lar guide into an intermediate volume. This second volume at room température -
allows a vertical tube extraction from the converter. Thus avoiding cryogeric dif-
ficulties of a direct horizontal extraction with foils which has posed problems in

' the past[11] and reduces backgrougd from directly scattered cold neutrons. Fur-
* thermore it evenly distributes all néutrons to the semidiffuse channel[12]. Which

is used to select neutrons with small vertical energy F < mgh < 20 peV for the
spectrometer whereas all other neutrons are reflected back or are lost.on wall col-
lisions. This method will increase the storage time inside the intermediate volume
and the converter volume, as more than 85% of the neutrons incident on the chanziel
entrance will be reflected back. Thus the UCN density -is“increased which.in turn
increases: the flux of extracted neutrons. _ o
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Figure 3: Crystal structure of graphite and staging of GiC. The intercalant diffuses
into the graphite and thus increases the lattice spacing. Different stages of GiC can be
produced. The stage:number refers to the number of unperturbed graphite layer between
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Figure 2: Schematic sketch of the source with extraction. 1) Intermediate s;;;::g:e;/?;;

ume, 2) semidiffuse extraction channel, 3) 70 K heat screen, 4)4K heatlscr.(:in,E gyl

superfluid helium, 6) converter volume. Neutrons entt?rm.g the channe :vhl % Lh__surfaces

--) are reflected back, the energy components are redlstrl!;)uted due to ! ero gA irfaces
. of the intermediate volume thus it may pass the c.hannel in the next attempt. A n

with E| < mgh(—) can pass the channel immediately.

Neutron monochromator

:Onvl'y a narrow range of wavelengths around 8.9 A of incident neutron% is suitable
“ for the dominant 1-phonon downscattering in superfluid helium. This fallt.mfshto
benefit from a crystal monochromator which reflects apt neutrons and diminishes

background at the experiment.

+al monochromators reflect neutrons of the desired wavelengths away from

Crysf ‘ ' ™
" the primary beam under the d-spacing de‘pendentb Bragg angle:
A
6 = arcsin (g—-) . ] (4)

The J-Spacing of a monog:hromatof for \=8.9 A has tobed > )\/2 =4.45 A, I:na
_perfect single crystal the line width for Bragg reflected neutrons' is .extremely sm i,
Ak/k =107 {13] leading to a very narrow acceptance angle of incident neutrons:

ék’i = cot 646, . ®)

The incident beam has a divergence of typically £2° at 8.9 Andue to.the m =dZ
supermirrors used in the guide. Therefore a "mosaic crystal” [13] will be used.

Such a crystal can be regarded as a collection of microscopic small perfect crystals

i i tion. Although the
i ifferi ¢ with respect to the overall crystal oriental o 1
e it resembles a cylindrically symmetric

angular distribution is in general arbitrary,
Gaussian distribution:

W(e) = \/21_7”7 exp (—62/2:‘[2), (6)
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two layers of intercalant atoms.

where 7, called the mosaicity, is the width. To obtain a high acceptance the mo-
saicity should be in the range of the divergence of the incident beam [14]. A high
integral reflectivity of the crystal is demanded to ensure an acceptable 8.9 A flux
for the converter. This requires a small absorption cross-section.

There are two materials which match these requirements, mica and graphite inter-
calated compounds(GiC) with alkali metals. Due to the small mosaicity = 0.3°
of mica we are employing a potassium intercalated graphite monochromator of the
type previously developed at the NIST [15]. The d-spacing for highly oriented py-
rolytic graphie is d = 3.35 A with a typical mosaicity of 1° — 2°. Tt is increased
by placing guest species in between graphite layers (see fig. 3), this process is called
intercalation.

The monochromator for GRANIT will be made of stage-2 (C24K) potassium
intercalated graphite providing a lattice spacing of d = 8.74 A giving a take-off
angle of 20 = 61.2°. The typical mosaic spread of the produced crystals is =
1.5° — 2.2° which matches fine with the incident divergence of beam H172. An
integral reflectivity of r > 80 % can be achieved [15]. Furthermore the absorption
cross section of graphite (0.0035 barn) and potassium (2.1 barn) are rather small.
The d-spacing of Rubidium and Caesium intercalated compounds are of the same
magnitude. Rubidium would be an interesting alternative due to its small cross
section of 0.38 barn, whereas Cesium (29 barn) is less interesting. For these two
alkali metals the production method is not yet sufficiently refined.

Alkali intercalated graphite compounds are conveniently produced using the
"two-bulb” technique, where the graphite is maintained at a temperature T, which
is higher than T, of the alkali metal [16]. The stage which is formed depends on the
temperature difference AT = T, — T, and the quantity of potassium available. For
stage-1, stage-2 we are employing 5g, 1 g ampoules of potassium at T, = 255+ 3 °C
and AT} = 10 £ 3 °C, ATz = 102 + 3 °C, respectively. A photograph of such a
two-bulb cell is shown in figure4.

--...A second monochromator:with a take-off angle of 26 = 112.5° will include a set -.
of stage-1 (CgK) crystals (d = 5.35 A) placed close to the first on a rotary table. The
two different monochromators can be interchanged (see fig. 5) making two separate
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Figure 5: Monochromator setup on rotary table. a)stage-2 potassium intercalated

graphite monochromator in position, b)stage-1 (potassium) monochromator. This setup
allows relatively short switching time.

Figure 4: Typical cell made from Pyrex used for intercalation. The potas.sium is on th;
left and causes at T > 250 °C the brown colouring of the glass. On the right: a stage-

intercalated graphite.

8.9 A beam ports at H172 available. The second beam yvill feed a position with
n.eutrons for further tests and developments on liquid helium based UCN-sources,
and later the cryo-EDM experiment [9].

Converter and cryostat

As the incident neutron beam has a divergence of o = 2°, t.he di.ﬁerentlal ﬂll(;x w:ll}
be a function of position inside the volume. In order tf) guide dwergen? <1:o 21}(: -
trons incident on the walls it is convenient to use pohs.hed wall-materla. :1 wi >
high critical angle. For the storage of UCN we need a high Fermi pot;:)ntx , rougf_
surfaces for'an isotrop momentum distributio‘n,‘ ar.ld a srfxall loss per o;‘m}(l:edco .
ficient 4 to minimise wall losses. Obviously it is 1mp05.51ble to have po i‘s e Oa:]

rough surfaces at the same place, therefore the source will have rough sur aces 1y
on the entrance and exit window of the converter .volume, whereas the rest 1; pol-
ished. Beryllium, beryllium-oxide, and diamond like carbon (DLC) all have Fermi

potentials Vi > 250 neV, and g2 < 1-107%.

Calculations for a divergent beam, a Fermi potential V¢ = 252 neV, a mirror

like wall (m = 1), and varying loss coefficients are shown in figure6. The incident

beam flux on the monochromator with a reflectivity of r = 85 %, was 1tlaken to
be dé/dA|x> = 6- 10%~'cm™3. This value was calculate'd from known co smtxrce
data and a transmission simulation for the existing guide. The m = 22n<:u ;(})ln
guide between monochromator and source converges from a 80 x §0mm oh e
cross section indicated in the figure over a length of 3 m. Both guide parts have
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been simulated with a Monte Carlo algorithm.

The combination of simulated transmissions and Ziivergence for the beam and
analytic calculations for a converter volume of length 600 mm, a cross section of
70%70 mm?, and an average ¢ =1-10"* give a density of p,,;. > 1250 ecm3,

The behaviour of the coatings during cooldown still has to be investigated. Ther-
mal tension could create cracks and degrade the surface quality significantly. A
cooling test with several coatings and substrates will be performed to find the best
choice. For filling and cooling the converter volume with liquid helium we employ
a cryostat previously developed at Munich [10, 17]. Primary cooling power is pro-
vided by a Gifford McMahon cryocooler with 1.5 W at 4.2 K. Tt liquefies helium
and provides the cooling power for the 50 K and 4 K heat screens. The liquefaction
Is described in detail in ref. [17]. A “He evaporation stage cools the liquid helium
below the M-transition point Ty = 2.177 K, which then allows us to use a super-
leak to remove *He. The cooling of the converter volume js achieved with a 3He
closed cycle evaporation stage. Using a roots blower pump with 500 m3 /h nominal _.
pumping speed backed by a 40 m3/h multiroots pump we were so far able to cool
the filled converter to 0.7 K. Further improvements, including a new heat exchanger
between 3He and “He will allow us to reach temperatures below 0.5 K. More details
about the cryostat will be published elsewhere.

UCN selection with semidiffuse channel

The converter volume will be connected to the intermediate volume by a highly
polished, beryllium, nickel, or DLC coated guide. This additional volume will be
made of DLC coated aluminium plates. Having rough surfaces it distributes the
UCN evenly on the entrance window of the semidiffuse channel and avoids cryogenic
complications which would arise form a direct attachement of the channel to the-
converter volume. The optimum cross section was determined by simulations with
Geant4UCN (18] to be 40x40 mm?, the length 300 mm is given by the dimensions
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of the spectrometer. A challenging task is to minimise heat input withqut reﬂect'ing
UCN back into the converter volume before they have reached the mtermedfate
volume. Using thin aluminium or mylar foils as heat screens seen?s to be an option,
although losses due to multiple passages will increase due.tc.) multiple passages. The
UCN will be extracted via a 0.2 mm high horizontal sermdd'fusg extraction channel
(see fig. 2). Measurements [12] have shown that such a channel increases .the storage
time and selects only the desired fraction of the phase space. The ex.tractlon channel
is made of DLC coated quartz plates [19], the lower surfaces are polished, the upper
rough. The channel dimensions are b = 200 zm, ! = 100 mm‘, w = 300 mm, which
will provide a reflectivity = > 85 % for neutrons with a vertical energy component

E > mgh =20 peV.

4500
4000+
3500 1+

. 3000+~

g ! ——80x80, 1x10°

3 200 —70x70, 1x10°

2 2000 60x60, 1x10°

2 40x40, 1x10°*

3 e S 80x80, 1x10™

1000 § ERERe 70x70, 1x10:

£ I (o 60x60, 1x10

0T/ T e 40x40, 1x10*

0 U I : ——t
0 50 100 150 200 250 300

source length [cm]

Figure 6: Simulation of UCN-density as a function of convert'er :volume Ieng.th, various
rectangular cross sections, and two wall loss coefficients. The 1f101den.t beam is taken .to
have a Gaussian divergence a > 1.8° dependent on the converging guide and differential
flux d¢/dA[x- = 3- 103 cm~2s~1 A -1 at the entrance of the volume. These values result
from the simulations described in the text. The extraction opening is a hole.of (%] = 10 mm.
UCN once passed through the hole are taken to be lost from the volume, in reality there

is a certain reflection probability.

Conclusion

The crystals of the monochromator, the converter, and the semidiffuse channel have
all been tested separately. Their integration remains a challengsmg :askiaPresent
calculation with an incident differential flux d¢/dA|x» = 6+ 10° s™'cm™ on the
monochromator give a UCN density of pycn = 1250 cm‘3 in the conv'erter, Dint =
800 cm~3 in the intermediate volume. This yields for a critical velomtyaof 7 n:és
for the materials used an available phase-space density of I'y, = 0.18 ;:m‘ (m/s)~°.
Compared to the phase-space density Tnypime = 0.013 em™3(m/s)” .of the UQN
turbine at the ILL this is more than a factor ten of improvement. This c.a.lculatl-on
assumes perfect conditions and in all parts optimal transmissions, experience with
other simulations have shown that the actual value might be lower.
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Abstract «

The  rays following the %Mo(n, 7)#Mo reactions have been studied by the time-of-flight
method with the DANCE (Detector for Advanced Neutron Capture Experiments) array
of 160 BaF, scintillation detectors at the .Los Alamos Neutron Science Center. The -
ray multiplicities and energy spectra for different multiplicities were measured in s- and
p-wave resonances up to Ep, = 2 keV. Preliminary analysis assigned definite spins and
parities in %Mo for about 60% of the resonances, while tentative spins and parities were
assigned for almost all other observed resonances.

"1 Introduction

A classic problem in neutron resonance spectroscopy is the assignment of the total angular
momentum for resonances formed on targets with non-zero spin. The -ray multiplicity
method is an approach to determining the spins of neutron resonances that uses the spin
dependence of (n, ) spectra. The method was initiated in the 1960s by Coceva et al. 1]
at the electron linac of the Institute for Reference Materials and Measurements at Geel,
Belgium, and later was developed into multiplicity spectrometry by Muradyan et al. [2] at
the Kurchatov Atomic Energy Institute in Moscow. The advent of BaF, detector arrays
for studies of radioactive and/or very small samples at the LANSCE spallation neutron
source at Los Alamos and at the n.TOF facility at CERN opened new possibilities for
the determination of spins and parities of neutron resonances. The DANCE facility at
Los Alamos National Laboratory is a 160 crystal array (3], while the n_TOF array [4] has
40 crystals. Here we report on the measurement at DANCE of «y-ray multiplicities and
energy spectra for the resonant reaction 95Mo(n,y)%Mo up to E, = 2 keV.

Data for the molybdenum isotopes are important for nuclear reactor design since
molybdenum is used in some uranium fuel elements. Molybdenum isotopes are also fis-

sion products; their capture cross sections are required for fuel cycle calculations. These . |

isotopes are also of considerable nuclear physics interest, since they belong to the mass re-
gion where strong “nonstatistical” electric dipole transitions from p-wave capturing states

to low-lying positive parity states have been observed and interpreted in the framework -

of the valence-neutron model (see Ref. [5] and references therein). The neutron capture
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CIoss sectlons. for molybdenum isotopes for energies 3 < E, < 90 keV have b
?,t the Oalf RJdg.e Electron Linear Accelerator [6], and total cross sections WG:::‘I(: messured
in severa! Investigations - see the Atlas of Neutron Resonances by Mughabgh t:m;asured
.Relatlvely strong p-wave resonances are known to be abundant ing thega.ta [ !
r?glon A = 90 - 100; the p-wave neutron strength function in this region 'Om‘tic t 10
txfmes sttr.onger t.ltlan the s-wave neutron stréngth function. Therefore a signiﬁcl:n::L n(l);rtbt(r)
of negatlve parity resonances are expected. Parity evaluations for the Mo i
reported in [7]. This evaluation (of the orbital angular moment ad thevetors the
parity of the resonance) is based on the separation of the sta::I'letx} ulmd’and' th?refore e
reduced neutron widths of s- and p-wave resonances 8] wi s IStan’ltlons of the
con'd%tiofla.? probability. An independent experimentg]mv:::uf‘zfnzii (c))i E:l}llfl's heorem on
parities is 1m.po'rtant to supplement this Bayesian probabilistic argument on Tesonance
The‘ mul?lphcity. method is described in section 2.1, while modeling of t.he statistical
ray cascade is described in section 2.2. The experimental method and the data p:chsa;ix’lyg-

are described in sections 3 and 4. The e i
¢ . xperimental i i
section 5, followed by a brief summary. results and analysis ace presented in

2 Gamma-Ray Multiplicity Method
2.1 Method

'I;l:e 1—}11'3,):1 multiplicity method consists of the measurement of the cascade gamma spectra
after the de-excitation of the compound nucleus formed b
: ‘ tron capture.- The method
is based on the systematics of iliti itions of va . . S
probabilities for transitions of various multi iti
; 1 ultipolarities. -
11;;e1nazlfcs of the photon st?‘ength functions (see e.g. Ref. [9]) indicate trl)lat exlceptS%’:r
tf:nm ions between low-lying levels, partial radiation widths of dipole (E1, M1) transi-
t;l en}s3 ;xrte on :Yerag.e rlrlxuch larger than those of quadrupole (E2, M2) transiti’ons and that
ransitions in heavy nuclei are usually almost an order of i :
M1 transitions ot g res o er of magnitude stronger than
gies above about 5 MeV. Because of the dipole i i
it . ] multipol
after each Fransxtlon the difference between the spins of the initial anI:i final tlI::o a'nty’
given transition is 0 or 1. e me
; 151‘01'2 s-:ave neutrqn res;)na.nces the_spin.J.has the-values-J, -=-J ~+1/2-and~J. =
diﬂerén;; e ;artg};at spin of %Mo is I ".= 5/2%. The average multiplicity is expected t; be
or J_ than for J;. The J-spin effect on multiplicity, although not large for Mo
H

- . .
esults in the separation of (M) values of s-wave resonances into two different groups
?

corresponding to the two possible spin values J, = 3 and J_ = 2 — relative diff i
{M;) is a'bout ~ 7%. For p-wave resonances in %Mo the possible spins are 1, 2 grencs .
and Nthe situation is more complicated. This is discussed in section 2.2 5 edd
distril;a:::xi‘(a).ﬂg, .the jwpm of the neutron resonance should affect not only the multiplicity
i ) 1.;3. (M), but also the gross structure of the 7-energy spectra for individual
depai e Ifisficalr:t lso;rlle cases the 7-ray energy spectra from neutron resonances should
e gn ant ):i s0 on the parity of the resonances. For the Mo compound nucleus
the o v;f;e fc xcfl ]::el st.ates up.to E . ~25 Me.zV have only positive parities. Therefore,
it : e 0 primary high energy transitions to these low-lying states should be a
ure of p-wave resonances. This fingerprint feature of the shape of primary gamma

85



'.S'Peétra should also’hold for the shape of the cojncidéncé'nga'spectra‘for individual
observed multiplicities (especially for multiplicity M = 2). ‘Therefore the shape of -y
spectra can probably be used for parity assignments of neutron resonances in **Mo.

2.2 Modeling molybdenum photon cascades

In order to support the general arguments of section 2.1, simulations for the %Mo target
were performed using the DICEBOX code [10]. In these simulations, the input consists
of the experimental level energies, their spins and decay modes for the discrete part of
the nuclear excitation spectrum below E.y, = 2.8 MeV, and nuclear models for the level
. density p(E,,Jr) and the photon strength function (PSF), fxp, of a given multipolarity
L and electromagnetic type X used in the quasi-continuum above Ei. Various models
can can be used. For description of some of them see e.g. [10]. e
The complete level scheme and decay mode of all levels is assumed in both the quasi-
continuum and discrete regions in the DICEBOX code. The levels in quasi-continuum, i.e.
above E., are generated by a random discretization of the chosen level density formula.
The statistical cascade gamma-decay in this region is then simulated by the Monte Carlo
technique. The partial radiation widths for transitions between levels a and b are obtained

2 _ e fxe(Ba — Ep)
For= g valBe = BV Ty W
where yx;, is a randomly generated number from a normal distribution with zero mean
‘and unit variance. This provides a simulation of the Porter-Thomas distribution of partial
gamma widths. The combination of the levels generated and the transition probabilities
- between these levels is defined as one nuclear realization. Within each nuclear realization
" the ‘code generated 100,000 cascade events statistically populating levels below the en-
ergy of the capture state. Usually about 20 realizations are required in order to provide
a statistically significant approximation for the cascade charactéristics and to provide
estimates of their fluctuations.- L :
- Examples of simulated average multiplicities for all initial spins and parities are listed
in Table I. They were obtained with the use of a constant temperature level density,
the KMF model for the (E1) PSF, and single particle estimates for the PSF of other
" multipolarities. Calculated total radiative widths I3 =154+ 8 meV and I'} =185+ 20
meV agree well with experimental values reported in [7]. Only events with multiplicity
higher than one were considered, in order to ease comparison with experimental results,
see Sec. 4.2. More important than the absolute values of (M), which depend slightly on

with the formula

the model adopted, is an absolute difference of about 0.3 between (M) for resonances

with the same parity and spin differing by one. This difference is also reproduced when
other models of level density and photon strength functions are used.- All simulations
‘also predict similar average multiplicities for 3= and 2* resonances as well as for 4~
and 3*. Table 1 also provides information on the size of expected fluctuations in-(Mj)
due to the statistical nature of the y-decay. Generally, p-wave resonances have larger
fluctuations in their average multiplicity than s-wave resonances. With the use of only
average multiplicity values it is possible to identify J* = 1~ and 2~ resonances but it
is not possible to determine the spin for the parity mixed groups of spins (2*,37) and

(3%,47) from the {M;) value alone.
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We calculated, usin i ‘
, g DICEBOX with the same
oo model parameters as ab -
iy og}f'oip:}f;:r.a fé-orln tﬂhe twojstel-) cascades ending on the ground and first e:?:i?:;;hi o of
it thlenz ﬁ J 220132111;1;10;15 (2+,37) and (3*,47). Fig. 1 presents an exaxsnz'l:ee Oi
: =27, J7=37) case. The shape of thes is quite di ¥
o ¢ ! e two spect
. :le)ecuzlzl:;csthe pronounced bump in the middle part of the J~ =P 2+r: l:c%;ute et
e _g3 f cue ‘z;}r th:_spectrum wings for the J7 = 3- case. The ca.lcu{;tedl;?ecanhd 1:fhe
= =& resonances have similar but i ner
Mo or much weaker differences.
ot :r ::il;ir;fdr;:defh;g F?f n:tep cascades and sum energy gamma—s;:ctra for differ
o and inclusion of the ~- :
dota of the 7y-ray energy respo
pUbliS}c:;dS):;emhwas also. performed using the GEANT3 pacglt,age.p’lr‘l}slz ?ii:gisDAll\II(i)E
ot chs e;v}:eereA;ut it should be stressed that simulations of detector res o:; de
r (M;) or the shapes of spectra significantly. In the present ;I))ape: WZ

consider only the multiplici ;
! / plicity two spectra, since th i i i
SPIn and parity values of the neutron rest;nances kel the most information on the

3 Experimental setup and measurements

Ih'e eXperlment p. ’ (0]
N S were performed at the ] a-uatl()ll ne O; ”le Il()S Ala"l
utron source f
Jeutron Smen(:e Centel (LANS()E) Ill]. Ihe BOO‘MGV II bea.m Of about 625 Uus du a
ration
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from the LANSCE linac is converted to protons by thin foil stripping and injected into
" the proton storage ring. The injected beam is stacked on itself until protons from the
entire linac macropulse are stored. This reduces the proton pulse width to about 125
'ns full width at half maximum. This pulsed beam is extracted with‘a.‘krepetition rate of
90 Hz and transported to a tungsten spallation target, where fast neutrons are created.
After passing through a water moderator, the moderated neutrons with a white energy
spectrum-enter evacuated flight paths. The DANCE detector array is installed on the
90-m neutron flight path 14 at the Manuel Lujan Jr. Neutron Scattering Center.
The DANCE spectrometer (3] is a = 4w BaF; crystal array designed for studying neu-
tron capture cross sections on small quantities of radioactive material or isotopic samples.
The DANCE array consists of 160 BaF» scintillation crystals, which detect y-rays fol-
. lowing neutron capture. The array is highly segmented to reduce the high instantaneous
count rate per detector. Neutrons scattered into the detector can be captured on the
barium isotopes and produce an undesirable background. To reduce this background, a
61,iH shell about 4-cm thick is placed between the sample and the BaF, crystals. The
" remaining background is subtracted in the off-line analysis.

4 Data analysis

4.1 - On-line data processing B

The DANCE acquisition system [12] is based on waveform digitization of signals from all
160 barium fAuoride detectors. The waveforms provide information on timing, particle:
type, and absorbed energy for each physical event in the crystals. Crystals are connected:
to Acqiris DC265 digitizers through two channels able to handle both high and low am-
plitudes with a resolution of 8 bits at a sampling rate of 500 MHz. Each digitizer has
128 kbytes of fast memory per channel. The digitizers are arranged into 14 compact PCI:
crates with six digitizers per b;ate, one crate per 12 BaF; crystals. Each crate contains an
embedded Intel based 1.8-GHz single board computer running the Linux operating sys-
tem, and a front-end acquisition program written using the MIDAS (Maximum Integrated
Data Acquisition System) framework [13]. Written without any selection, the DANCE,
typical raw data rate would be of the order of 1 Terabyte per hour, which is not practica.l.\'
The problem with the disk space is bypassed by on-line partial processing of waveforms
from digitizers using MIDAS. In this step information on the fast and slow parts of the
signal is integrated and th,e’ integrals are stored instead of the whole waveforms; this led .
to a compression factor of 20. Once processed, the data are sent over a dedicated 100—:
Mbit/sec network to a dual 2.5-GHz Intel based computer with a 5-Terabyte disk space. ,
All datd from a given proton pulse are collected into one Midas event’ on a disk. .

4.2 Off-line data processing’

The background, which comes almost exclusively from capture of scattered neutrons on’
Ba, was subtracted using spectra measured with a carbon target. Carbon has very high

=52 cross -section: for neutron-scattering-and at:the same:time a.very.low.cross section forzl. g:..
neutron capture. The influence of the background for many resonances is quite negligible -

for multiplicities greater than one, but it often dominates spectra for multiplicity one.

88

-~ The extraction of the y-ra iplici
y multiplicity, the so-called “cluster multiplici
! y multipl; multiplicity”
311:: ;r;stglilsmfentai “crystal multiplicity” is performed based on the 1:imingpalrc1:iYl,o’caf:i(;r:ll
ics of an event. The photons often do not d i i
: eposit their full i
f;rystal. 'I.‘heiefore all contiguous crystals, that have fired during an event earizrgx:ll)' ong
mfgt?nl? ix:ng e cluster event. As a result the cluster multiplicity is much cl(;ser to th ltne
;1}11 tg;t;(ln y ofbthe gamma cascade than is the crystal mliltiplicity, which simply ci)ul;llil:e
e number of crystals that fire. The capture events in the off-line analysis wers
e

sorted by gates on the cluster multiplicity for each multiplicity value and for each neutron

resonance. The average value (M) was calculated as -

()=, @

wlpe;e A;It, andbC.~ are the cluster multiplicities. and
plicity after subtracting background ibuti i
sbtrction i th M 2 1 spctrn, an thresoe sl v evem o e Pckground
a.rrayeicsazls)(leeotfol1:;l :;alﬁz ;llzr gteometry a'nd high photon detection efficiency, the DANCE
T B to measure fl otal rfaactlon energy released in the neutron capture event
which s £ t:}t;; cem,, ; n Where B,-,.IS the neutron binding energy in the compound nucleus’
and ,,_ er-o -mass kinetic energy of the neutron. In the off-line analysis, only
e 7-ray events, for which the detected sum energy was within the interval 7.6~9 2, Me\)/’

(Bn = 9.15 MeV) were considered whi i
il o
for twostop e e calculating average multiplicity as well as spectra

counts for the corresponding multi-

5 Experimental results

gx::rrng:xttm;h the thickness of 25 mg/cm? enriched to 96.47% in %Mo was used in the mea-
e diﬁe‘re i a.n'exax:nple. of the me?sgred multiplicity distributions for S-wave resonances
sV () n 3s)pms, in Fig. 2 hmuli:lpllcii:y spectra are shown for the 554-eV (J = 2) and
.5- = o) resonances. The average value is higher for ith the
J value. The avera e u ligher for the resonance with the higher_
ge multiplicity values for all s-wave t e H
the;;Mo(n, 7)%Mo reaction are shown in Fig. 3. fcution fosonances measured in
(lower elig:l ) \ﬁllue;l are distributed into two distinct groups corresponding to spins J = 2
this ot ith (M,) = 3.95) and J = 3 (upper line with (M) = 4.26). In obtaining
a&:hieved’b V:'}als f:rumal .to separate s-wave resonances from p-wave resonances. This was
oepland l);l o e t1.nspect10n of shapes of ~-ray energy spectra for multiplicity M = 2, as
i ection 2.2. A r(?presentative example of a two-step cascade spectra frox,n a
motidling iiin;es fr;:nsthe 1:rmxed' g‘l;}(iup (2%, 37) is shown in Fig. 4. As predicted by the
) = pectrum is characterized by a b =
from (3+ 4-) Y & bump near E, = 4 MeV. Spectra
. ) group of resonances can b i i imi <hi poctre
dlﬂ'grence arc ot a8 pr0nowm e examined in a similar fashion, although the
- =8 . 95 S U . S e
Spine I;Tdth:r:;rgetf ,11140 spin’is I™ = 5/2*, p-wave capture leads to resonances with
Tab. 1) th]; . esof 17, .2 D _3 » and 47. As shown in simulations (see section 2.2 and
, wverage multiplicity values of p-wave neutron resonances in Mo should also
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Figure 3: Multiplicities of s-wave neutron
resonances from the %Mo(n,v)*®Mo reac-
tion in the neutron energy range from 40
to 2100 eV. . Values along the lower line cor-
respond to spin J = 2 and along the upper
line to spin J = 3.

Figure 4: Measured 4-ray energy spectra
for an s-wave resonance at 554 eV (J™ =
2+) and a p-wave resonance at 708 eV (J* =
37). These spectra correspond to two-step

cascades with detected <y-ray sum energy :

between 7.6 and 9.2 MeV.

depend on the resonance spin value. However, as expected from simulations, the measured '_
individual {M;)-values fluctuate considerably. These fluctuations do not allow to make

a firm J™ assignment in all cases. Resonances, for which the (M 7) fall between groups,

were assigned a restricted range of spins. Due to the lack of space here, the final results

of the J™ assignments of neutron resonances will be published elsewhere [14].

6 Summary and conclusion

Measurements of the y-ray enéfgy and multiplibity spectra following neutron resonance -

capture in isotopic ®*Mo target were performed with the DANCE detector array at LAN-

SCE by the time-of-flight method.

From the average multiplicity and spectral shape, spin and parity assignments were.

made for resonances in the ®Mo(n,7)**Mo reaction below about 2 keV. The previously,

known indirect parity assignments were confirmed, and several new assignments were

made. For s-wave resonances, the separation between the two {M)-value groups and the
agreement of our results with those of other authors demonstrate the successful application’
of the multiplicity method with the DANCE detector array. For p-wave resonances, where .
the separation of the different spin groups was not perfect the definite assignment of 15

spins was made. Most of the results for the spins of the p-wave resonances are new.
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AP?ROXIMATION OF SUMS OF EXPERIMENTAL RADIATIVE
STRENGTH FUNCTIONS OF DIPOLE GAMMA-TRANSITIONS IN
THE REGION E, =~ B, FOR THE ATOMIC MASSES 40 < A <200

A.M. Sukhovoj, W.I. Furman, VA Khitrov

Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, 141980,
Dubna, Russia

The sums k(E1) -+ k(A1) of radiative strength functions of dipole primary gamma-
transitions were approximated with high precision in the energy region.of 0.5 < E <
B, — 0.5 MeV for 0.5 < E; < B, — 0.5 MeV for nuclei: K, %°Co, ""™Ge, 80gr, 114Cq,
L1Bgy 124,125, 128] 137138139, 1405 150Gy 156158G, 60T, 163164165y, 166 o, 168y,
10Ty 114y, 176177y, ISIf 1827, 183184185187y 188,190,191,193()g 192]p 196pp 198 Ay,
20Hg by sum of two independent functions. It has been shown that this parameter of
gamma-decay are determined by the structure of the decaying and excited levels, at least,

up to the neutron binding energy. .

1 Introduction

At present there are no doubts that the qualitatively differing types of nuclear excitations
co-exist, interact and have defining influence on the structure and parameters of any
nucleus. Namely, they are quasiparticle and vibrational ones. This is the main conclusion
of such fundamental nuclear models as QPNM [1] and different variants of IBM {2].

Unfortunately, the majority of experiments carried out by now gives direct and quite
reliable information on the structure of a nucleus only for too small energies of its exci-
tation. Practically, for example, in [3] even-odd heavy nucleus this region is up to now
limited by the excitation energy interval of ~ 2 MeV order. Up to the present radiative
strength functions of k = f/A%? = T'y;/(E3 x A*® x D)) gamma-transitions in the whole
range of their energies E.,, appearing at decay of any levels with the excitation energies
E; < B, have been experimentally studied to the least degree. -

Main problems of the experiment, which occur at the determination of p and k consist
in the necessity to: . ' ’

(a) really estimate the most serious systematical errors and to minimize their values
as mucl as possible; ‘ '

(b) maximally exclude any model representations, which are unavoidable at extracting

the parameters of the process from the registered spectra in'an indirect experiment.

First of all, the latter refers to the basic hypothesis [4] on the independence of the
cross section of any reverse reaction from the excitation energy of final nucleus used for
the analysis of all the experiments conducted up to the present.

According to particular calculations [5] of the probabilities of gamma-transitions be-
low E; ~ 3 MeV and experimental data [6] on the level cascade populating ability of
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- different types of nuclei below 0.5B,, for example, it is expected that the hypothesis [4]

is ¢ompletely inapplicable in even-even deformed nuclei.

2 The current state of experiment

Bet“.reen the decaying of compound states A and a group of the low lying levels f of the
studled. nucl(.aus [7] both tasks of the experiment are solved to the most possible degree by
the registration of two-step cascade intensities I, with the summed energy 5-10 MeV

It is _Jus‘t‘ the analysis of two-step cascade intensities of thermal neutrons radiative
capture in the fixed by [8] AE energy intervals of their intermediate levels E; = B, — E:

_ PN . S
IWW(EI)—%;;FA'—FT, (1)

that first revealed the possibility of i of
. y of the model-free simultaneous determinati
k with their guarantee reliability. ' erermination of p and

.In 'the ifxitial variant [9] it was performed at assuming the independence of partial
radla'Flve widths ‘l" 1m of the gamma-transitions of given energy and multipolarity from
ener'gles[(é]f a;ly primary [ and final m levels (that is, using hypothesis [4]). In contempor ary
version (6] it is accomplished wi i i i i '
M plished without its use in the region of the low ly;ng levels (E; <

In. order.to practically calculate the cascade intensities and compare thein with thé
experiment it is necessary to take into account the real spéciﬁc character of the studied
process. In certain energy interval AE; >> FW HM of the excited levels there is only the
value of ‘AI“]- sum of partial radiative widths available for comparison with the caléula)'c'ion
For any interval of number j excitation energy this sum may be always mathematicall :
presented as a multiplication of a certain average of partial width:-<:T; > at n; = AEy
number of excited levels. Equation (1) is transformed into ’ TR

;> r .
L (E;) = <1 , <I'i>
e §Zk<rk>nk"’zm(<rm>nm)' )

for any interval number j.

Since this sum includes partial widths of gamma-transitions between levels of different
structure (see, for example, [5]), the average width of primary < I'y > and secondary
< T m > gamma-transitions is an averagely weighted value for any j and 4 intervals ir);
the indicated representation. It is determined by a particular ratio of quasiparticle and
phop(?n.components of wave functions of the studied nucleus levels belonging to the
AEj }nterval. It is necessary to take into account this circumstanc; when comparin
experimental & values with theoretical representations. ’ \ : pasine

System (2) includes N of nonlinear equations and 2N of unknown parameters. (In case
YVh(?n the retio of radiative strength functions of primary and secondary gamma-t.ransitions,
18 given on the basis of an additional information [6].) It describes a certain closed surface
In the space of 2V sought parameters. Naturally, it is impossible to determine- p and
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k unambiguous values from (2) even when all available information on the considered

nucleus is used. However, in principle, it is always possible to determine approximately or
precisely the interval of variation of p and k values, setting given values of I..,, < I'; > and
other parameters of a particular nucleus. Corresponding experiments have been carried
out at the thermal neutron capture for 51 and analyzed without usmg hypothesis [4] for
22 nuclei.

3 Main problems of determination and theoretical
description of parameters of cascade gamma-decay

In [6, 9] techniques the maximum values of errors ép and dk of determined parameters
are very strongly limited by the type of spectra measured in the experiment. Therefore,
they always have quite acceptable value [10] for practically obtainable systematical errors
81, of measured distributions of cascade intensities.

It is just the obtained degree of accuracy of p and k values determined by [6, 9] that
defines both the reliability of conclusion about factors determining the indicated nuclear
parameters and possibilities to extract new information on properties of particular nuclei
and, probably, on structure of initial cascade levels fixed by conditions of the experiment.

For the most efficient extraction of data on the influence of nuclear structure on k(E1)+
k(M1) and p values from the experiment, it is also necessary to use all the information
accumulated by theory on these parameters of nucleus. Specifically, it is possible to
separate two asymptotic variants of behavior of the congruent radiative strength functlons
They appear when in an amplitude of gamma—transmon dominate:

a) quasiparticle components of wave function of initial and final states or ‘
b) their one- or two-phonon components.

Such possibility follows from the successful description [11, 12] of the experimental
data for p from [6, 9] by the superposition of partial level densities, determined by n-
quasiparticle excitations with enhancement of the quas1pa.rt1cle level densities of Ky, >>
1 times at the phonon type excitations expense of the ofdomination.

Based on the main principles of fragmentation of nucleus compound-states [13], it is
impossible to eliminate the probability of dominating of either one or another component
in the neutron resonance structure. It is also impossible not to take into account the
specific character of excitations of various types.

Quasiparticle excitations (although with different number of quasiparticles) are present

at any excitation energy of nucleus. Phonon ones, as it follows from the theoretical -

analysis of A.V. Ignatyuk [14], most probably become excited ‘at energies close to those
of quadrupole (octopole) phonon and phonons of greater multipolarity. In other words
the excitations of phonon type may provide a significant increase in radiative strength
functions in the limited intervals of nucleus excitation energy. Therefore, the excitations of
quasiparticle type may rather well determine the basic part of radiative strength functions
when gamma-transition energy is changing (first of all — primary), whereas monophonon
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(multlphonon) one — determine a position of local region and the degree of increasing of
strength functions in it.

Both variants [6, 9] of techniques use k(E1) and k(M1) unknown independent random
functions to extract p and k from I, experimental values, as parameters of equation (2).
But near By, = By, (or smaller energy) they necessarily fix k(M1)/k(E1) ratio on the
basis of the experimental data. The same refers to the level densities of positive and

negative parity. Unfortunately, variations of the obtained random functions are rather

large. However, due to the strong anticorrelation of pairs of the listed parameters, their -
sums fluctuate noticeably weak and, therefore, are quite informative. Namely, these are
well described by p = ¥(E.;) and k = ¢(F)) functions, the parameters of which differ
sufficiently weak at changing of masses of the studied nuclei or when their changing does
not contradict the unconditionally set theoretical notions about’ nucleus.

4 Model for the semiphenomenological description of
k(E1) + k(M1)

All practically applicable [15] models of radiative strerigth functions consider nucleus as a
monocomponent object. Owing.to the historically prevalent representations, it is viewed
as a system of Fermi-particles. Moreover, though model [16] considers nucleus only as
Fermi-liquid, it reproduces a series of parameters of the cascade gamma-decay process
with better accuracy than is made possible by the simplest extrapolation [17] of cross
section of reverse reaction into the region of nucleus excitation below By,. By this reason,
it is appropriate to use the representations [16] as basic in the performed analysis, because
they are based on the most realistic notion about nucleus produced by theorists by now.

A fraction of levels with purely dominating vibration components of wave functions
(at least lower than ~ 0.5B,) is very significant {11, 12]. However, the existing and
practically used [15] models of the radiative strength functions do not completely take
into account this fact. Therefore, at this stage of the analysis it is necessary to postulate
the contribution of the vibrational nucleus excitations into k(E1) + k(M1) values in a
purely phenomenological way. »

Below it is accepted that for a spherical nucleus fraction of partial radiative width of
dipole primary gamma-transitions with energy E.,, specified by the qu351pa.rt1cle excita-
tions, is described by model [16]:

1 0.70cT3(E2 + n47r2T2)
3n2h2c2A2/3 ’ EG(E2 )2 ’
with two free parameters: & and.w. For the deformed one — by sum of two Lorenz
curves, respectively. Fraction k(E1) + k(M1), supposedly connected with the vibrational

k(El E,) + k(M1,E,) = .(3)

'nucleus excitations, is approximated by peak, shape of which is preset by two exponential

functions: Pezp(a(E—E,)), Pezp(B(E,—E)) for its low and high energy parts. A resolved
single peak (doublet or multiplet of peaks) is observed, at least, in 30 out of 40 nuclei
In the energy range of primary transitions E,'~ 3 — 6 MeV. In these k(E1) + k(M1)

and p values are simultaneously determined from cascade intensities with a moderate

95



systematical error. Exponential dependence of form of its peaks successfully describes all
the data obtained by the present.

Parameter « in (3) takes into account a possible change of nucleus thermodynamic
temperature in form T = /xU/a, whereas parameter w — net effect of changing in retio
of levels fraction of quasiparticle and vibration types, both in the region of neutron reso-
nances, and intermediate (E; < By,) levels of nucleus. Or it considers the fact of changing
in ratio of quasiparticle and vibtation components in the normalization of wave functions
of decaying and excited levels, respectively. Such conclusion follows from the strong anti-
correlation of amplitudes of local peaks in the experimental data on k(E1) + k(M1) and
their uninterrupted distribution (approximated by function (3)).

First of all the approximation of the experimental values of k(E1) +k(M1) sums from
[6] is used in the analysis. When they are absent, those from [9] are used. The results
are presented in Fig.1-4 for the main part of the studied by the present nuclei. Particular
values of the pa.rameters by the approximating curve for all nuclei {11, 12] are given in
the Table.

Upon taking into account the type of compound state established by theory of compo-
nents of wave function and laws of nuclear states fragmentation determining their value,
the value of w parameter is to a greater or lesser extent determined by the structure
of the wave function of neutron resonance. This implies that w parameter may change
from resonance to resonance and, probably, correlate with values of their reduced neutron
widths. :

5 Results of k(E1) -+ k(A1) approximation

Proposed for all studied nuclei-the simplest form of functional dependence of the sum
of radiative strength functions provides rather accurate reproduction of the experimental
data [6] or [9] in the energy interval of primary gamma-transitions 0.5 < E; < B, — 0.5
MeV. For many of them it is sufficient to postulate the existence of the single peak.
However, when the experimental data for nuclei close to magic ones is taken into account;
most probably there are no less than two local peaks in the radiative strength functions.
Positions of peaks well correspond to the region of step structure in levels density (Fig.5).
This circumstance in an ensemble with a wide variety of values of the adjusted parameter
alpha in different nuclei is the basis for interpretation of increasing of the strength function
in regard to model predicted value [16] for those of £y > 1 — 3 MeV.

The excitation energy, corresponding to the positions of local peaks in the radiative
strength functions of the considered nuclei (for E; > 1 MeV) is compared with the
threshold energy of appearing four (five)-quasiparticle levels in Fig.5. Taking into account
unavoidable errors and ambiguity of the analysis [11], their complete compliance with
the position of one of the peaks is observed. In the first approximation in the scale of
B, — E) the position of another one coincides with the energy of quadrupole phonons (for
example, about 1 MeV for the deformed even-even nuclei) or the region of mainly one- or
two-particle levels in even-odd and odd-odd nuclei, respectively. -
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Amplitudes of peaks, supposedly caused by phonon excitations, for the most of ana-
lyzed nuclei are in a quite limited interval of values (Fig.6). Their noticeable increase is
observed for “°K, 6°Co, 184y, 188190Qg 192y 2001{g That is for nuclei close to the double
magic ones with nucleon number N(Z)=20, 28 and for those in the region about Z=82
and N=126.

The best values of parameters x and w, as iti may be seen from Fig.6, obviously indicate .
smaller temperature of nucleus than the thermodynamic ones even near By, and significant
decrease of a component k(E1) + k(M1) by the approximating function (3).

Unfortunately, x and w parameters very strongly correlate both with one another and
with «a parameters in the region of the smallest energies of primary gamma-transitions.
There are also no theoretical grounds to regard the form of local peaks as the only possible

*in strength functions. By this reason it is also impossible to exclude a possibility of an

additional systematical error of k¥ and w parameters.

In the proposed interpretation of the approximation data of radiative strength func-
tions appearing of the local peaks is postulated by the presence of the amplified gamma-
transitions on levels with the large phonon components of wave functions. If that is true,
o parameter may be determined by change rate of the nucleon correlation function in a
heated nucleus. In Fig.7 frequency distribution of this parameter is presented in nuclei
of different nucleon parity. Additionally, frequency distribution of Ay! value is given for
even-even compound nuclei. (By positioning of maximum and width, it is close to an
analogous distribution Ag for nuclei with A —2).

The spread in « values is maximal for even-odd nuclei and intermediate for odd-odd
ones. Assuming that @ oc Aj?, it is possible to determine that two unpaired nucleons of
the single type decrease Ao value by 25-50% at increasing of correlation function from
one to three MeV. A pair of neutron and proton quasiparticles decreases Aq somewhat
more intensely. Its most decrease is observed for even-odd nuclei. In other words, in the
region below the neutron binding energy the radiative strength function depends on the
type and number of nucleons causing the appearance of excitations of quasiparticle type.

6 Conclusion

By the present the most reliable systematical experimental data on sums of the radiative
strength functions of dipole cascade gamma-transitions of the thermal neutrons capture
may be approximated in the frames of the experiment unsertain in the 0.5 < E; < B, —0.5
MeV region by a superposition of two components having rather different form of the
dependence on energy of gamma-transition. At the present they may be interpreted only
as a contribution of fermion and boson nucleus excitations into the partial radiative width,
respectively. '

Noticeable variation of the obtained parameters of k(E1)+k(M1) = F(E,) dependence
in nuclei of different masses may be caused by strong influence of the structure of cascade
initial level on the correlation of contributions of nuclear common and superfluid states
into the probability of gamma-quanta emission. This effect appears as an addition to the
observed in [6] strong influence of the intermediate level structure on this value.
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Correspondingly, the radiative strength functions of primary gamma-transitions of the
decay of compound states may be determined by the structure of levels connected by them -
at least up to the energy of neutron binding.

Table 1.
Parameters of approximation.
Mass | k& w E;, MeV | P,10°%, MeV=2 [ @, MeV T | B, MeV!
71 | -0.01(37) | 0.004(1) | 5.49(7) | 1.07(9) 0.86(10) | 2.07(46)
6.52(5) | 1.24(7) 2.06(43) | 0.22(18)
0.77(11) | 0.46(11) “ o) 3.2(15)
125 | 0.42(8) | 0.35(4) | 4.79(9) |0.83(10) - 0.52(10) | 2.4(8)
6.02(9) | 0.89(20) 2.56(84) |-0.2(51)
137 | 0.26(2) |3.6(1) |1.84(6) |3.98(27) 0.74(10) | 1.85(27)
4.72(1) | 42.7(9) 29(2) 9.28(26)
139 [1.0(3) |0.5(1) |3.94(9) | 1.99(29) 2.81(85) | 0.10(42)
0.50(39) | 0.8(6) -1 18(18) | 2.0(21)
163 | 0.002(9) | 0.04(56) | 3.9(4) 1.1(16) 1(25) 0.7(11)
2.9(7) 0.8(11) 1.5(13) | 0.7(30)
5.4(20) | 1.0(77) 0.9(78) | -1.4(44)
165 | -0.00(10) | 0.05(78) | 3.56(6) | 7.6(8) 12.04(31) | 0.68(27)
181 | 0.06(5) | 0.62(9) ‘| 3.8(1) . | 0.99(20) - 1.07(31) |3.2(12)
2.95(27) | .0.39(15) 1.38(95)- | 1.04(69)
183 | 0.17(13) | 0.04(1) |29(1) |0.72(7) 0.77(13) | 1.00(22)
5.37(1) | 8.83(18) 3.49(12) |.0.66(37)
185 | 0.29(5) | 0.45(3) |[3.23(3) | 2.27(7) 1.55(10) | 0.80(4)
4.74(1) | 2.09(7) 3.58(35) | 1.43(32)
187 | 0.23(4) | 1.03(5) |3.15(7) |1.08(9) 1.19(20) | 1.16(16)
5.14(9) | 1.05(46) 5.1(15) | 1(86)
191 | o(77) -0.0(30) | 4.3(2) 2.2(14) 2(15) | 1(11)
3.8(2) |23(11) 2.2(83) 1(12)
193 | -0.1(10) | 0.00(1) |3.3(2) 2.0(46) 2.2(45) | 0.4(48)
3.9(3) 1.9(78) 1.7(84) - | 0.7(71)
177 [ 0.30(7) | 0.43(8) | 6.0(1) [3.71(28) 0.56(7) | 0.44(30)
' 4.0(2) | 2.59(19) 0.63(10) | 0.00(5)
40 | -0.01(11) | 0.07(2) [5.33(1) |21.2(3) 1.48(4) | 0.84(12)
4.22(3) | 7.24(33) 1.65(9) |[1.23(11)
60 | -0.02(3) |0.8(5) |6.01(6) |12.8(6) 0.41(2) | 1.63(37)
6.80(2) | 17.9(20) 6.0(13) | 1.6(10)
80 | 0.43(3) | 0.75(6) | 5.17(6) | 3.84(34) 1.11(17) | 2.(4)
7.42(2) | 10.38(63) 3.76(30) | 0.10(24)
0.52(8) | 4.3(15) 1(90) 4.2(14)
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Mass | & w - [ Ey, MeV [ P,10~°, MeV~3 [ a, MeV~! [ B, MeV~!
198 [0.05(2) | 0.66(9) |4.7(3) | 0.91(20) 0.61(20) | 0.79(46)
56(2) | 1.41(20) 0.50(10) | 1.01(45)
140 | 0.07(15) |-0.02(4) | 3.77(4) | 1.28(9) 1.32(15) | 2.42(40)
484(2) | 3.27(18) 7.05(83) | 1.46(30)
160 | 0.29(2) | 1.20(7) |4.16(6) |5.05(33) 1.09(13) | 0.99(13)
5.93(5) | 8.91(30) 0.69(4) | 0.49(41)
166 | 0.15(6) | 0.60(16) | 4.12(4) |13.3(7) 121(8) | 0.98(9)
589(9) | 7.1(6) 1.30(24) | 0.08(56)
170 | 0.19(6) | 0.78(11) |35(2) | 1.53(31) 0.71(30) | 1.6(9)
6.45(6) | 8.80(38) 0.89(8) | 0.01(12)
176 | 0.0(55) |0.5(19) |3.9(1) | 9.6(60) 1.86(83) | 1.0(14)
4.85(14) | 6.1(45) 1.8(41) | 3(5)
182 [ 0.14(9) |0.14(7) |450) | 1.50(23) 0.85(22) | 1.8(7)
6.2(11) | 0.37(25) 0.58(60) | 1(51)
192 | 0.11(1) | 2.92013) | 5.57(5) | 14.5(5) 0.61(2) | 1(5)
198 | 0.09(2) | 2.62(11) | 4.99(9) | 2.23(33) 0.87(17) | 2.16(75)
58(1) | 1.68(33) 1.04(36) | 2.6(19)
74 [0.14(6) | 0.25(4) | 5.37(6) | 3.03(12) 0.59(35) | 0.58(4)
6.5(1) | 1.81(10) 1.20(24) | 0.33(7)
114 [ 0.18(9) |0.104) |5.686) |4.06(25) 0.89(6) | 1.11(20)
7.68(15) | 4.84(86) 1.16(16) | 1(85)
118 | 0.04(25) | 0.01(4) |5.04(7) |3.36(24) 0.90(8) | 0.95(16)
794(7) | 10.3(7) 087(4) | 1(50)
124 [ 0.183) | 056(6) |7.31) | 2.87(32) 0.80(9) | 0(98)
138 [ 0.12(6) | 0.42(13) | 6.1(5) | 0.85(59) 1.28(85) | 2(20)
150 | 0.09(5) |0.22(4) |4.81(8) | 2.45(17) 0.80(8) | 0.89(13)
73(2) | 1.27(33) 1.38(38) | 0(91)
156 | 0.28(14) | 0.19(3) |5.56(5) | 3.33(9) 0.733) | 0.26(4)
720(1) | 14.4(3) 52(26) | 0.20(7)
158 [ 0.20(7) |041(8) |5.1(2) |2.71(18) 0.42(6) | 0.01(7)
6.85(2) | 10.6(5) 5.38(62) | 0.02(57)
0.217) | 0.40(30) 1(50) 0.43(42)
168 | 0.002(3) | 0.27(36) | 5.1(4) | 1.2(8) 0.66(79) | 0.7(12)
41(1) | o7(n) 0.59(82) | 0.7(18)
164 | 0.02(8) |0.20(18) |53(1) |5.8(7) 0.98(15) | 0.98(23)
72(2) | 3.3(8) 1.42(71) | 0(75)
174 [ 0.08(9) |0.16(9) |5.0(3) | 1.4(2) 0.58(15) | 0.32(22)
6.1(1) | 1.6(3) 17(7) | -0.12(26)
184 | 0.1(48) |-0.01(23) | 5.11(3) | 29.7(7) 0.932) | 0.97(7)
© T e20(1) | 48(2) 53(76) | 0.06(24)
188 | -0.001(3) | -0.06(9) |5.55(2) |24.8(7) 145(6) | 1.24(8)
190 | 0.09(3) | 0.53(10) |5.18(6) | 14.8(8) 0.75(6) | 0.57(6) -
6.47(4) | 20.3(7) 1.22(13) | 0.47(5)
196 | 0.02(7) |0.04(5) |5.34(6) |4.23) 1.09(12) |0.89(13) |
6.57(2) | 6.0(38) 16.4(79) | 44(42)
200 | 0.02(8) |0.04(2) |495(1) |11.7(1) 139(2) | 1.08(2)
5.97(1) | 9.0(2) 156(5) | 7.0(3)
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Fig. 1. Points with errors ~the most probable values of sums of radiative strength func-
tions and interval of their values, corresponding to minimum values x? for even-odd com-
pound nuclei. Open points — data from [9], full ones — from [6]. Line — the best fitting.
Dots - component corresponding to equation (3).
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PROBLEMS OF EXPERIMENTAL DETERMINATION OF
PARAMETERS OF NUCLEUS AND APPLICABILITY OF THE
BOHR-MOTTELSON HYPOTHESIS

AM. Sukhovoj, V.A. Khitrov

Prank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, 141980,
Dubna, Russia

Population of a number of excited levels of 'V and 3’Fe has been determined from the
data of the ENDSF file up to the excitation energy of about 7 and 5.2 MeV, respectively.
It cannot be reproduced in the region of their maximal energies in the framework of
assumption on the independence of partial radiative widths on the structure of decaying
level and excited one, at least, lower than 0.5B,. Therefore, it is impossible to estimate
the actual degree of reliability of data on the level density and radiative widths of cascade
gamma-transitions in light spherical nuclei obtained from the spectrum analysis of nuclear
reactions, which do not take into account this circumstance.

1 Introduction

Large level density at the excitation energy higher than 0.5Bn does not allow one to obtain
experimental data on the level density and partial widths of gamma transitions by means
of the classical nuclear spectroscopy. These parameters may only be found here from the
solution of inverse problem of the mathematical analysis ~ the determination of parameters
X, ¥, z... of the function S from its values at the relation prescribed a priori S=f(x,y,z...).
In general case the function f(x,y,z...) is determined with some uncertainty, for example,
using an erroneous hypothesis instead of the lacking experimental information. In such
case the presence and value of the error in the function f(x,y,z...) may only be determined
from experiment, for example, using a hypothesis on the independence of values of partial
radiative widths of I' gamma-transitions of the assigned type and energy on the nucleus
excitation energy. In the general form this hypothesis has been formulated by Bohr and
Mottelson [1] as an assumption on the independence of the interaction cross section of
the nuclear reaction product on the nucleus excitation energy U. In other words, it does
not depend on the structure of nucleus at the energy U, and up to now [2] it is used
at the determination of level density from spectra of evaporative nucleons without any
verification. The same hypothesis in the form of “the Axel-Brink hypothesis” serves as a
basis for the technique of joint extraction of p and I" from gamma spectra of the reaction
(3He, ) in technique [3]. '

The necessity of introducing any “zero” hypothesis (of the type [1]) is determined by
the lack of necessary experimental data. Therefore, the main task of experimenters is con-
ducting of new experiments giving unambiguous conclusion on the domain of applicability
and on the domains of studied phenomena, which require its significant specification.

Calculations of probabilities of the emission of gamma-quanta in the framework of
the quasi-particle-phonon model of a nucleus and their comparison with the experiment

108

show that the value of I' is determined by the relation of components of the quasi-particle
and phonon type in the structure of wave functions of the decaying and excited level. In
other words, the hypothesis on the independence of probability of interaction of a gamma
quantum with an excited mucleus cannot be described 4] by some universal function, at
least, lower than 3 MeV in even-even deformed nuclei.

Similar argument but purely experimental one follows from the comparison of the -
level density of various nuclei extracted [5) from intensities of two-step cascades, on the
one hand, and spectra of evaporative nucleons and primary gamma-quanta, on the other
hand. In the first case, this parameter of nucleus demonstrates evident and abrupt change
of entropy of the nucleus at two, at the minimum, energies of its excitation. In the second
case — its smooth increase at the increase of the nucleus excitation energy. Practically, this
distinction may only be related to a very small degree of influence of the hypothesis on the
independence of probability of the emission of gamma-quanta of the given multipolarity
and energy (of an evaporative nucleon) on the structure of nucleus in the first case, and
a very strong one — in the second case. '

In other words, at present there are some data prejudicing hypothesis {1}. In this
case, an experimental check of the hypothesis is obligatory with revealing of conditions,
at which its application provides for the acceptable accuracy of experimental data.

2 Experimental check of the Bohr-Mottelson hypoth-
esis “

Direct extraction of the cross section o(E,U) in the classical experiment (target+beam)
for ordinary nuclei is practically impossible. Nevertheless, a possibility to obtain some
experimental information on the relation ¢(E,U)/o(E,U = 0) for an arbitrary nucleus
exists, at least, in the (n,27) reaction. The relation

P =iy /iriy k : (1)

may be determined for any level of the nucleus under study on condition that out of two
independent experiments absolute intensities ¢, of any two-step cascade and.intensities
of its primary gamma transition #; and the secondary one i; have been determined.

This value (total level population) may be presented for two arbitrary levels [ and
m as a sum of the product of high-lying levels { on-the partial cross sections of gamma-
transitions [ — m: P,, = Y, P, X op,. It has been determined in the form of only the
cascade population P,, — i; and has been compared with different model calculations on
the basis of experimental information accumulated by now in many nuclei from the mass
region of 40 < A < 200 for a hundred of levels almost in each of them. The data level for
P may be increased abruptly in possible experiments with more effective HPGe-detectors.

Although it is impossible to determine the value of oy directly from equation (1),
these experimental data due to their high sensitivity made it possible to evaluate [5] the
sign and value of the relation gy (U < Bn)/0i;(U = B).

Similar analysis may be carried out for some nuclei, in which the intensity of two-step
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cascades has not been measured so far. To do this, the data [6] on the estimated schemes

of gamma decay from the existing files are sufficient. Unfortunately, a small value of the -

excitation energy overlapped by these schemes restricts the number of nuclei, in which
the observation of violation of hypothesis [1] is possible for gamma-decay.

Such a.x)a.lysis has been performed [7] for **Te. Useful information may also be ob-
tained for compound nuclei 'V and 5"Fe. During the analysis one must take into account
that the accuracy of P, — 7, determination from the estimated decay schemes may not
exceed the accuracy of its determination from expression (1), and the number of levels,
for which it is possible to determine this value on the basis of the data of type [6] is much
smaller, respectively.

Comparison of the experimental data with the calculations using various level densities
and radiative strength functions is presented in Figs. 1 and 2. At small excitation
energies of levels good concurrence of the experiment and any variants of the calculation
is attained almost in any case due to a very small sensitivity of the cascade population
of the most low-lying levels to variations of the calculated level densities and radiative
strength functions. The presence of considerable discrepancy for a few levels most likely
testifies either to an erroneous determination of the level spin in the estimated decay
scheme, or to a very strong influence of the structure of its wave function on the partial
cross sections of gamma-transitions exciting it.

3 Conclusion

The region of excited levels of an arbitrary nucleus with high level density (the spacing D
is smaller than the resolution FWHM of the used spectrometer) remains so far either unex-
plored, or scantily explored. Reliability of the main part of the data obtained earlier from'
experiment on the level density and radiative strength functions of gamma-transitions in

it raises grave doubts, first of all, due to the absence of absolute experimental proofs of

the validity of basic hypothesis [1] of the analysis carried out here.

Currently, there is no alternative for the explanation obtained in [5] of the physical na- )
ture for a considerable discrepancy of the experimental data and calculations reproducing
them presented here and in [2,3]. Therefore, on the basis of the whole experimental data’

on intensities of two-step cascades, with a high probability, one must not exclude a strong
influence of the nucleus structure on the level density and probabilities of the emission of
nuclear reaction products up to the neutron binding energy or even higher energy.

110

1005 1 T T T T v T v T N ! v '5

—_
o

P-i,, % per decay

o
—

0,01

Fig. 1. Points with errors - experimental data from [6]. Line 1 — calculation using models
[8,9]. Line 2, 3 - data from {10] with an increase of strength functions of the low-energy
El- or M1-transitions, only.
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‘Fig. 2. The same as in Fig. 1. Line 2 - data from [11] (they do not reproduce the
main part of intensities of two-step cascades). Line 3 — one of the variants of the level
- density and radiative strength functions reproducing [12] the cascade intensity in all the
27 intervals, is used. ‘
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GAMMA DECAY OF THE COMPOUND STATE AND CHANGE OF
STRUCTURE OF THE '*"Te EXCITED LEVELS

A.M. Sukhovoj, V.A. Khitrov

Frank Laboratory of Neutron Physics, Joint Institute for Nuclear Research, 141980,
Dubna, Russia

Abstract. N

Independent analysis of a large amount of data on the spectrum of gamma-rays of
the radiative capture of thermal neutrons in '®Te (3 (i,E,)/B, = 0.49) obtained in Rez
made it possible to obtain new and reliable information on the dependence of sums of
radiative strength functions of dipole gamma-transitions on the energy of levels excited
by them. These data, as does the level density in '?*Te, demonstrate a strong change of
structure of the nucleus practically for the whole region of the levels excited by a captured
neutron.

As in the earlier studied nuclei (using data on the intensities of two-step cascades),
it is possible to reproduce the stated parameters of the gamma-decay process to the.
accuracy of experiment only by the models directly taking into account the coexistence
and interaction of the usual and superfluid component of the nuclear matter.

1 Introduction

Properties of the nucleus at its low energies are determined by the coexistence and inter-
action of quasi-particles and phonons. Here, only the excitation region E.;, lying lower
than the neutron binding energy B, is implied.

This most general physical result has been obtained both by the authors of the quasi-
particle-phonon model (1], and those of the model of interacting bosons and fermions [2].
The main details of this process may be generalized and interpreted by theorists without
serious errors only on the basis of reliable data from experiments, which are maximally
sensitive to the structure of excited levels of the studied nuclei. .In the first place this -
statement refers to the region of level energies of any nuclei, which cannot be resolved by
the spectrometers used in experiment.

This is the most complicated object of investigation of the low-energy nuclear physics.
Any experiment in this excitation region produces spectra S (including the interaction
cross sections), the value of which is always determined by an unknown level density. p
and strength functions, for example, of gamma-quanta k = T'xs/(E3 x A%3 x D)) of the
cascades connecting the compound state A and the low-lying level f. An inevitable error -
of determmmg the measured intensity usually varies from several percent to several tens
of percent. Since the S amplitude in ordinary spectra is determined by the product of p
and k, the accuracy of solving the inverse problem diminishes very much.

Experimental spectra for any nucleus may be used in two ways, either:
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a) for testing of some model representations on p and k,
or as the initial data

b) at solving the inverse problem of mathematical analysis — the determination of
values of the function parameters by its quantity.

Reliability of the obtained conclusions may be partially or utterly lost both in the first -

and in the second case.

2 Main problems of analysis of experimental data

1. Any model of p and/or k under test is obtained in the framework of some hypotheses
and a priory may describe the predictable value only with certain usually unknown error.
Moreover, potentially, models of the same values having a different theoretical basis are
possible, but they can provide even more precise reproduction of experimental spectra.
At the same time, the degree of discrepancy between various models may reach utter
incompatibility of their basic theoretical representations. In addition, the error transfer
coefficients dp and &k to the errors 68 are usually very small: As a consequence, the
same spectra (cross sections) within the limits of total errors 65 may be described by
fundamentally differing models. One may see this from compilations [3] of practically
used models of p and k. This circumstance is not taken into account, for example, in the
analysis [4]. Therefore, the use of the criterion x? in the first method of comparison of
models and experiment provides for the correct and error-free conclusion on the model
under test only at its unconditional falseness. Due to this, it cannot be used in conclusion
on the correctness of certain model representations and particularly — for the unstudied
region of nuclei and their excitation energies. -

The reason for this circumstance is obvious: information on the studied phenomenon .

may only be obtained from the experiment adequate to the studied object. Mathematics
and mathematical statistics may not generate new physical information in principle. Ac-

tually, the result of analysis obtained on the basis of x? smallness may utterly distort the

picture of the studied process. :

2. Solution of the inverse problem of mathematical analysis may not be unique prac-
tically in any experiment to determine p and/or k. And transfer coefficients of inevitable

errors of the S spectrum to the errors of parameters §p and 8k may reach module 10-100 -

and more.

The situation with function § = f(p, k) relating unknown parameters with the mea-

sured spectrum may also be ambiguous. For example, up to now the extraction of data on
p and k from gamma-spectra has been carried out for the most part in the framework of *
assumption on the k independence on the excitation energy of nucleus. The corresponding

hypothesis on the independence of cross section of nuclear interaction on the excitation
energy of target nucleus has been formulated in general form in [5] and is used without

verification to present day in analysis of any experiments to determine the level density.
In addition, in nuclear reactions with charged particles, for example, spin window of the '

determined level density usually may not be recorded precisely. As a consequence, tran-
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\sitiohk to the total level density inevitably introduces an additional error. It is impossible

to obtain its estimation from experiment.

Therefore, a direct determination of the level density and partial widths " of the
emission of products of the studied reaction is preferable. And solutior} of this Problem
from the spectra measured in the experiment should be performed using e}fperlmental
techniques providing the minimum total error of the measured spectrum, minimum error

. transport factors and the maximum use of all available information for the given nucleus.

3 Possibilities of the present-day experiment to de-
termine p and k B '

An experiment to measure intensities of two-step cascades with the total energy E; + E, =
B, — Ej satisfies the above-mentioned conditions as much as possible. A possibility of its
realization with Ge-detectors has been demonstrated for the first time in Dubna [6, 7).
The technique to determine p and & and results obtained for many nuclei in the variants,
which use and do not use the hypothesis [5] is described in 8, 9], respectively.

Approximation [10, 11] of the level density obtained in such way by the V.M. Strutinsky
model[12] adequate to the experiment for various assumptions on the shape of correlation
function of a nucleon pair in a heated nucleus and the energy dependence of density of
single-particle states g near the Fermi surface was performed for all nuclei, in which two-
step cascades were measured. Except for those, in which small statistics of useful events
did not allow one to determine [13] the shape of energy dependence

Ty Tif
I (El) = (1)
7 Zx,f ~ T, T;

with an acceptable systematic error for all possible cascades connecting 3 levels: A — ¢ —
f- ‘ S ‘

The estimation [14] of influence of the error 61, on the desired parameters shows that
its variation from -25 to +25% changes the obtained values of p and 'k no more than'by a
factor of 2-3. Simultaneously, both the deviation value and its sign change depending on
the excitation ehergy of nucleus. However, the specific shape of the energy dependence
of p and k remains entirely. In order to reach the same level of dp and 6k, an-alterna-.
tive technique of simultaneous determination of these parameters because of very large
error transport factors [15] requires a measurement of total gamma-spectra for arbitrary
excitation energy with an error considerably less than 1%. Therefore; maximum reliable
Tepresentations on the properties of a nucleus manifesting themselves in'the process of
Samma decay may at present be obtained only from intensities of two-step cascades and
from methodically similar two-step reactions. : '
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4 Experimental level density and strength functions
of cascade gamma-transitions in 1?Te

The intensities of two-step cascades necessary for analysis for the ground and first ex- °
cited states of 124Te were measured for the first time [16] in Dubna at the coincidence |
spectrometer with Ge-detectors of low effeciency and poor resolution. Nevertheless, small !
level density of this nucleus below ~ 0.5B, made it possible to obtain the dependence
required for the analysis [8, 9] with a satisfactory systematic error. Contemporary data
on the i spectrum of gamma-rays of the thermal neutron capture [17] allowed one to ob- :

tain values of the total population P = 1,i5/%,, for 29 levels of this nucleus up to their
maximum energy 4.37 MeV. Use of these data to normalize I,, somewhat increased the
value of two-step cascade intensities. The obtained values of p and k have been published
in [18]. Comparison of the shape of energy dependence of p and k for all the nuclei
studied in Dubna, Riga and Rez for both variants of their determination allows one to
suppose that the level density of this nucleus obtained both in [8] and in [18] has been
overestimated at the energy of E; > 3 MeV, and the radiative strength functions — have
been underestimated, respectively. In the first place, this is due to a small width of the
energy region of levels, for which their total population has been determined by primary
gamma-transitions and cascades of arbitrary multiplicity of gamma-quanta in them.

A very large amount of spectroscopic information presented in [4] makes it possible to
obtain significantly more accurate data for p and & comparing to the ones pubhshed in
[18].

4.1 Main problems of analysis of experiment

1. It should be pointed out that any new technique to acquire information on the prop-
erties of a nucleus may realize its potential only at developing of adequate methods of its
analysis. This analysis should take into account the peculiarities of the whole complex
of the information involved and it should be implemented in algorithms and programs

based on the use of the earlier obtained results of other experiments checked by pra.ctlce

mathematical rules and mathematical statistics.

2. Naturally, the algorithms must provide the maximum effective extraction of physical
information on the nucleus and its maximum possible reliability. First of all, this conglitioh
necessarily requires a maximum possible experimental verification of any even generally
accepted statements and hypotheses on the studied object. '

The technique of using the intensities of two-step cascades to study the properties of
nucleus in the region of high density of its level unresolveable by a spectrometer with the
FWHM (p;! < FWHM) line width clearly confirms these two clauses. System (1) of
equations relatlng the cascade intensity in an arbitrary energy region of cascade gamma-
transitions with the determined parameters p and k is strongly correlated. Therefore, the
cascade intensity in any point of the measured spectrum depends on the values of p and k&
in the whole region under investigation. It should be added that the experimental spectra
of two-step cascades from the point of view of mathematics are a linear sum of unknown
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\ intensities of two-step cascades with primary and secondary gamma-transitions of prac-

tically one and the same energy. As a result, any experimental spectra of such cascades
may be accurately reproduced by an infinite number of various functional dependences of
p=1 (E;) and k = ¢(Ey, E;). The relation of maximal values of these parameters to the
minimal ones is limited [15] by a value on the order of 10! — 10? due to the non-linearity
of the equations. However, it increases greatly and inevitably at the restriction of the
energy region of gamma-quanta used, for example in [19], to compare calculatlon and
experiment. -

2. The statement on inevitable and fast comphcatlon of the structure of exc1ted levels,
for example, at the excitation energy increase is generally accepted. But it has not been
tested by experiment and does not comply with the theoretical calculations of dynamics
of the states strength fragmentation process on its level for nucleus of various complexity
with various excitation energy. It follows quite unambiguously from [20] that, for example,
the state 2 quasi-particles ® 2 phonons is fragmented considerably weaker than the two-
quasi-particle and /or two-phonon states. Since the energy of any state of nucleus grows at
the increase of the degree of its complexity, one should expect [20] a considerable change
of structure of the nucleus under investigation at the increase of excitation energy. The
degree, at which the fragmentation rules in a concrete region of the excitation energy of
a concrete nucleus exert influence on the desired p and & lower than B, may be obtained
only from an experiment.

Thus, maximum reliable conclusions on the nucleus under investigation, analysis of
intensities of two-step (and of larger multiplicity) cascades may only obtained

a) after determination of the sequence order of quanta in them and, of course,

b) without attraction of not tested although generally accepted representations on the
nucleus properties.

4.2 Algorithm and necessary data to determine p and & in '*Te

Further analysis has been carried out meeting these two important conditions.

The intensity of two-step cascades to a first approximation is inversely proportional to
the level density of the nucleus under investigation. Therefore, it is necessary to determine
the I, absolute values with the maximum accuracy. Actually, this may be done only at :
the normahzatlon of the measured relative intensities of the strongest cascades with low-
lying intermediate levels of a nucleus on their own absolute values. ‘Renormalization of
the experiment carried out earlier in Dubna [16] has been performed using intensities 4,
and branching factors B, = ig/ 3 i from the data [4]. The values of sums of intensities
of all possible two-step cascades for the ground and first excited states of 124Te obtained
in this way equal to 7.8(23) and 16.6(25)% decays. . :

Their values summarized by 0.5 MeV intervals of mtermedlate and all final levels -
are shown in Fig. 1 with an example of typical calculated reproduction. Non-linearity

of the I, = f(E)) function provides for the finalness of the interval of p and k values

reproducing the experimental data even on condition that the number of unknown.pa-

rameters exceeds by a factor of 2 the number of intensities measured in the experiment.
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However, this interval includes their real values only on condition that the relation of

strength functions for gamma-transitions of one and the same multipolarity and energy - -

k*ec/kPmim = f(E,.) # const is determined for arbitrary excitation energy E.. on the basis
of independent information. This problem has not been posed so far by experimenters
and has not been solved to the necessary degree even in methods [9]. In order to solve it
completely, it is necessary to determine from experiment certain functionals of the process
of cascade gamma decay, which are unambiguously connected to the excitation energy of a
nucleus right up to E,, = By, as well as to the type of multipolarity of gamma-transition
and, which are maximum sensitive to variation of the strength function.

Potentially, a problem of such scale may only be solved in an experiment to investigate

the intensities of cascades of the given multiplicity for the final levels up to their maximum
possible energy. But qualitative representation on the expected effect and the possibility of
its account to the calculations in a first approximation may be obtained from comparison of

values of the experimental population P of excited levels of the nucleus under investigation. 7
and the calculated total (or only cascade) one up to the maximum possible energy of their

excitation for various tested functional dependencies of p = f(E;) and k = ¢(E1, E;).

The P value may be determined from the evident relation_

Py = i11'2/"77 (2)

purely experimentally with minimal error on the conditions that:

a) the sequence order of quanta in two-step cascades through various intermediate

levels is determined independly of the Ritz combination principle with the obligatory use’

of the maximum likelihood method (effective algorithm is realized in [21]),

b) their absolute intensities ., and also.the corresponding intensities of primary ¢,

and secondary i, cascade transitions have been determined.

Systematic error P, in such a way of determination is almost completely correlated, -
and the random one is determined only by the degree, in which approximation of spec-.

trum peaks of the single HPGe-detector resolves multiple structures in the region of B,

and E;. The peak density in spectra I, for various final levels is usually smaller, the .

background depends weakly on the energy, and the resolution improves additionally when

the technique [6] is used, so a set of data for i,y at the equal detector effectiveness usually
exceeds a set of data for 4. The amount of data on %, is proportionaté to € (n > 2).
Unfortunately, a small value of the detector efficiency e in [16] prevents from using the

technique [9] to obtain the P,, values in this nucleus. Therefore, analysis of the level

population has been performed below only on the basis of the data from Table 2 from [4].
Naturally, the P, data from the decay scheme [4] (defined as a sum of all the gamma--

transitions depopulating the given level and placed into the decay scheme), contain extra

(comparing to [9]), may be considerable, systematic error. This error grows module at :

an increase of the excitation energy of a level. Besides, it is impossible to estimate really
its value on the basis of data from the decay scheme. Most likely, at the analysis of an
experiment the obtained data should be regarded as a Py, lower estimate. First of all,
the above mentioned facts refer to maximum energies of the %4 Te excited levels. ‘

Data on' the cascade level population summarized on a small region of the excitation -

energy are the most effective ones [9] for estimation of the k*¢/kP"™ = f(E,,) function.
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But only at the determination of P,y — i, from (2). However, for the data from [4]
the error increases strongly with an increase of the excitation energy (only the cascade
population P,, decreases faster than the 7, intensity of the corresponding primary gamma-
transition decreases). Therefore, it is inevitable that extraction of the information on the
gsee/kPr™ = f(Eez) function in this case considerably differs from the procedure used in
[l . ’
So only the average value of population of a single level in a small (200 keV) region
of the excitation energy has been determined from the data on the summarized intensity
of the secondary gamma transitions placed into the decay scheme [4]. The average value
of only the intermediate cascade level population < P,, — ¢, > from this region is shown
in Fig. 4, and of its sum — in Fig. 5. The data from Fig. 4 have been used to deter-

- mine discrepancy parameters of the energy dependence of radiative strength functions of

the primary and secondary gamma-transitions in a similar manner [9]. The data from
Fig. 5 allow one to make certain conclusions about the degree of discrepancy between
the obtained estimate of strength functions and the experimental values and the factors
causing it. Naturally, accuracy of the used estimate is determined directly by the degree
of fluctuations of P,, values for neighboring levels of one and the same spin and parity.
If they are large, than the error of estimation of the k**¢/k"'™ = f(E,) function may
not be small. However, in this case realistic hypothese$ are necessary, which can explain
strong selectivity of the gamma-decay process higher than ~ 0.5B,,.

Such selectivity seems to be quite improbable: the parameter 3-(i, E,)/Bn = 0.49 for
the data from Table 1 [4] at the value 3~ i, = 237% of decays. This means that on average
only a half-energy of each cascade is observed in peaks of the capture spectrum of thermal
neutrons resolved experimentally in ®Te (and in Table 1 [4]). Simple extrapolation of
the dependence of i, sum on the 3 i,E,/B, parameter value to its ‘asymptotic value
obtained for various i, registration thresholds gives a possible value 3" i, ~ 400 — 450%.
It follows that no less than 160-210% of decays fall to the part of gamma-quanta with
the intensity less than the threshold in [4]. Out of them about 75% of decays fall to
the share of the primary ones. There is no reason to exclude a possibility that the rest
(~ 80 — 130% of decays of the intensity of weak gamma-quanta fall to the region of high-
lying (E., > 0.5B,) levels. Therefore, one must not exclude a possibility that the level
Population obtained using the data [4] is a lower estimate for levels with the energy higher
than F,, ~ 4 — 5 MeV.

4.3 Results of determination of p and % in 24Te

.Lffvel density and strength functions reproducing all the mentioned experimental data
In the best way are given in Fig. 2 and 3. Approximation of p by the model functional
dependence [12] (Fig. 3) has been performed similarly to [10]. Naturally, it contains errors
?elated to the necessity to use more or less realistic hypotheses on the values of coefficient
of vibration increase of the level density, the correlation function of nucleons in a heated
ml_de}ls, the density of single-particle states near the Fermi surface, etc. Therefore, in
frmmple, there is a possibility to increase the accuracy of approximation comparing to

€ one observed in Fig. 3. : )
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As in other nuclei studied by now, in !**Te an unconditional stepped structures ig '

observed in the region of =~ 3.5 and ~ 7 ~ 8 MeV. Taking into account values of the
pairing energy A of two neutrons and two protons close to 2.5 and 2 MeV, respectively,
on the basis of model representations [12], the first step corresponds to breaking of the §
neutron pair. Perhaps, the second one is caused by the breaking of the second neutron pair ;
or the first proton one. In other words, in the nucleus under consideration no fundamenta) §
discrepancies with the shape and parameters of functional dependence p = f(E;) of other §
nuclei is observed. The width of the observed region and level density in the region of its
almost constant value depends strongly on the accuracy of estimation of the k = ¢(Ey, E;) ¢
function parameters, and also on the values of the analysis parameters — the density of i
neutron resonances and low-lying levels. The dynamics of the p = f(E;) change in the%
analysis [8], [18] gives grounds to consider the obtained values of p to be overestimated at :

4-5 MeV, first of all, because of the lack of reliable data for the level population with the
excitation energy higher than ~ 5 and underestimated values of the density of discrete '§’

levels lower than ~ 3 MeV. Due to a strong anticorrelation of the values of level density :

and strength functions, most likely, the values k(E1) + k(M1) are underestimated in the

region of ~ 4 —6 MeV of the primary transitions. The same is true for smaller energies of
the secondary transitions exciting levels in the same energy region. A considerable excess
of the (P, — 1) calculated sum observed in Fig. 5 as compared to the experimental
values of the same parameter of the cascade gamma decay at the 3(P,, — 4;) good
reproduction may be explained by hypotheses on: T

e a strong selectivity of the process of cascade gamma decay,

e a considerable systematic underestimate of the summarized intensity of gammé—
transitions in Table 2 [4] depopulating levels or .

¢ a very strong underestimate of strength functions for the secondary and subsequent

cascade gamma-transitions and, as a result, by overestimate of values of the obtainéd
level density.

Approximation of the intensity distribution of the primary gamma-transitions for levels
in the given region of their energies or sums of the cascade intensities through one and
the same level [26] with the subsequent extrapolation to the zero value of intensities gives
an independent estimation of the level density. ’

It cannot give precise estimates of the level number excited by the primary transitions
lower than the threshold of their registration in (4] for the following reasons:

e nobody has verified the Porter-Thomas distribution’ hypothesis for width dev1at10n
from the mean value in the region of the smallest widths necessary for such ana.ly51s ‘

e the retio of the level number of various parity at the given ex01tat10n energy ' is
unknown and, most likely, will not be obtained as a parameter of the analysis [26],

e considerable deviations of strength functions from the uniform dependence obsenfed ‘:
for the majority of studied nuclei [9} restrict the width of energy region of levels -

optimal for such analysis, for which the width distribution is approximated.
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Nevertheless, such analysis of the experimental data [4] (Fig.” 3) shows that the nude
matter on a considerable missing of levels does not comply with the available experimental
data.

5 Conclusion

Model description of intranuclear processes cannot have the accuracy exceeding that of
the experiment at the moment of its development. This may be accepted as an undoubted
fact. This and the results of the performed analysis imply that the “statistical” approach
to the calculation of the process of cascade gamma—decay gives currently unacceptable
error for the 124 compound nucleus.

Model of the level density [12] reproduces its energy variation thh higher accuracy
than any models, which do not take into account the presence and interaction of usual
and superfluid component of the nuclear matter, at least lower than B,.

Data on the dependence of correlation function of two nucleons in a heated nucleus and
the coefficients of vibration increase p necessary for this model, as shown in [10], may only
be obtained from the analysis of additional information. It seems that the only chance to
obtain this result at present is to develop fundamentally new models of radiative strength
functions. They must in an explicit form take into account two-component nature of

the nuclear matter and their parameters may be fitted from the data for k(E1) + k(M1)
obtained from the technique [9).

T v T v T 4 T v ] M 1 M L)

124
Te

| , % per decay
N

Y
-
T

E,, MeV

Fig. 1. Histogram — the summarized experlmental intensity of two-step cascades in the
intervals of 0.5 MeV in the function of the primary gamma transition energy E; W1th
Statistical errors only [16]. The intensity is renormalized using the data [4]. Points ~'a
typical approximation [9] for the p and k data, whlch are given in Flg 2 and 3.
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Fig. 2. Solid lines - k(E1) + k(M1) from models [23, 24} (for k(M1) = const). Points
with errors — an interval of values of k reproducing I, (Fig. 1) with practically the same
values x?/f << 1.
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Fig. 3. The same as in Fig. 2 for the level density. Points with errors — the density of

intermediate cascade levels [9]. Line 1 — model values [22], line 2 - extrapolation according -
to the technique [26], line 3 — approximation according to [10]. Dotted lines — the level.

density with two-, four- and six-quasi-particle structure. Open points ~ the level density
~with spins J=0-2 from the decay scheme [4]. '
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Fig. 4. Points - mean value of the cascade population of **Te individual levels from
the scheme [4]. Line 1 - calculation according to the models [23, 22]. Line 3 — calculation
of the population with the level density and strength functions from Fig. 2 and 3 taking
into account differences of the energy dependence of strength functions of the primary
and secondary cascade transitions. Line 2 — the same but without taking into account

this dependence.
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- Fig. 5. The same as in Fig. 4 for the cascade population summarized on the excitation
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CALCULATION OF THE TOTAL GAMMA-SPECTRA OF THE FAST =

NEUTRONS CAPTURE IN THE ISOTOPES 1171195, FOR THE
DIFFERENT PARAMETERS OF CASCADE GAMMA-DECAY

A.M. Sukhovoj, V.A. Khitrov

Frank Leboratory of Neutron Physics, Joint Insti'tut:a for Nuclear Research, 141980,
Dubna, Russia

The gamma-spectra were calculated for the set of different level densities and radiative
strength functions. The sufficiently precise reproduction of the experiment is impossible

without taking into account the influence of the process of the nucleons Cooper pairs

breaking on any nuclei cascade gamma-decay parameters.

1 Introduction

The direct determination of density p of excitation levels (number of levels of nucleus in
the unit interval of excitation energy) for the larger part of stable and long-life radioactive
target nuclei is impossible. This assertion relates also to the radiative strength functions

k= Ty/(BS x A% x D) (1)

exciting their primary dipole electrical and magnetic gamma-transitions of level of nucle-
us decaying the excited in the nuclear reaction. Extraction of the parameters of nucleus
in question in this situation can be executed by only their fitting to the optimum val-
ues, reproducing the experimental spectra and cross section with the minimum standard
deviation measured in the nuclear reactions.

This inverse problem of mathematical analysis by its nature is principally ambiguous.
Moreover, systems of equations, connecting the number of excited levels and probability
of the emission of nuclear products are usually assigned within the framework of some
ideas about the mechanism of nuclear reaction and factors determining the dynamics of
the studied process.

Thus, for example, the description of the cascade gamma-decay of neutron resonance,
is impossible at present without the introduction of some a priori ideas: In particular,
within the framework of the ideas about this process following potential possibilities are
not taken into consideration: :

® the presence of the possible strong dependence of neutron widths ', on the structure

of the wave function of resonances (and of the excessive error in determination of

their density D;! by the neutron time-of-flight method), ‘

e the analogous. dependence of the partial radiative widths of primary gamma-
transitions I'); on the structure of the level excited by them, evidently overstepping
the limits of the expected Porter-Thomas fluctuations.

Potencial possibility of existence of the enumerated effects and their significant influ-
ence on the process of cascade gamma-decay directly follows from the results [1] of model
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\ a roximation of the level density, extracted from the reaction (r,27v) and the comparison

9,3] of the average values of the sums of radiative strength functions‘with their m9dels
[4’5] most often used in practice. Thus, the possible bre?.k of sequential Cooper pair [1]
wi1th the excitation energy in the region of the neutron-binding energy can change values
of few quasi-particle components in the wave function and.thus - change [6] Ya.lues _of. 1?‘,,.
This possibility directly follows from the results, presented in [1]. %ether this possibility
is realizable in principle, to what degree the process of fragmentation of nuclear states

" mixes up components of different types in the wave functions of the levels in the whole.

region Eez < By and at the noticeably higher excitation energies - neither the experiment,
nor the theory can answer this at the present.

In particular it is not possible to obtain the realistic estimation of the part of the un-
observable levels, which according to the values J™ could be excited them as s-resonances.
This problem is very essential, since the density of neutron resonances in 'practlce in any
experiment to determine this parameter for the excitation lower than B, is used to stan-
dardize its relative values. As a consequence of the above mentioned facts, tl}e measured
experimentally in different procedures [2,3,7,8] level densities and the rz%diatlve strength
functions of primary gamma-transitions can have an unknown systematic error, the val-
ue of which directly depends on a systematic error in the conventional values Dy of the
spacing between the neutron resonances. And the obtained ideas about these Vfilues and
properties of nucleus can be erroneous to a greater or lesser extent. However, if we add
the fundamental incompatibility of the data about the level density between the results of
applying the procedures [7,8] on the one hand, and [2,3] on the other hand, than th.e need
for a maximally possible verification of p and k determined from indirect experiments
becomes obvious. :

2 Possibilities and the specific character of the veri-
fication of the experimentally determined values of
p and k.

The verification of the indicated parameters of nucleus can be partially executed by the
calculation of total gamma-spectra for different sets of p and k with their subsequent
comparison with the experiment. This calculation was carried out by different authors
repeatedly [9,10], but, as a rule, without taken into account of:

¢ the nonconformity of the model assigned ones and real values of p or k if to determine
one of these values purely model presentations about another value are used;

¢ the specific character of the transfer of errors dp and 6k to an error 4S of the
calculated spectrum;

e all aspects of the influence of the structure of the excited levels of nucleus on the
found parameters p and k. '

All these problems become apparent to the full during the calculation of the gamma-ray
Spectra of the radiative capture of thermal neutrons, measured, for example, by Groshev
.[1 1], with the use of p and k, determined from the gamma-ray intensities in the procedures
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(8] or [2,3]. The major part of experimental data on the total gamma-ray spectra of the
capture not only of thermal but also fast neutrons was used to verify such data earlier
(12]. st
‘The measurement [13] of total gamma-spectra in the isotopes 118120Sn makes it possible |
to carry out the same analysis for the spherical nuclei from the region of minimum of
neutron strength function for the s-neutrons. And to thus to test obtained and represented
into [3] the values p and k.

3 The comparison of calculation and experiment

With the comparison it is necessary to consider the specific character of the operation of
the transfer of errors dp, 6k(E1) and 6k(M1) to an error in the calculated total gamma-
spectrum: it is characterized by very low coefficients. (And, obviously, by very large in
the opposite case.) " ‘ :

Consequently, calculated spectra, close ones in the quality of reproduction to the
data of experiment can be obtained for the substantially being differed values p and"k.
And, all the more, this is correct with the presence experimentally (2] of the established
strong dependence of the process of cascade gamma-decay-on the nuclear structure, as
the minimum, for the excitation energies of E., < 0.5B,.

Therefore the comparison of calculation and experiment should be conducted for the
maximum collection of the diverse variants of functional dependences p and k is without
fail on the line scale. It is most expedient also to perform the comparison of total gamma-
spectra for the spectrum corresponding to the product of the gamma-quantum intensity
on their energy. The condition 3° I,E, = B, ensures the maximally precise normalization
intensities of the observed gamma-transitionson in average and the presence of errors of
different sign - for different values of gamma-quantum energies. i

Reliable experimental data for p and k in the nucleus '2°Sn for the range of the
excitation energies of E,, ~ B, are absent. Therefore is below for calculating the total
gamma-spectrum in this nucleus of values p and k are converted from the results [3] by
the appropriate scaling of these given for the nucleus !'8Sn.

The level densities of both parities and spins 0, 1 and 2 for these compound nuclei are
given in Fig. 1; the radiative strength functions of primary El- and M1-transitions with.
the maximal coefficients [2] of an increase in the radiative strength functions of secondary
transitions are given in Fig. 2 respectively. The calculated total gamma-spectra of the
capture of fast neutrons in the 1%!193n are compared with the experiment in Fig. 3
and 4 for few sets of the values of the level density and radiative strength functions.
Corresponding calculation data for 118120Sn are given in Fig. 3,4. .

These data are acquired as follows: the level density and radiative strength functions
are extrapolated to the excitation energy E,, = B, + 100 keV. And then - they were used
for calculating the total gamma-spectra for the spins of the decomposed initial levels of
J™ = 0%, 1* and for J* = 0™, 1~, 2—. The portion of their contribution to the resulting
spectrum was determined by the fitting of the function of S°%° = k;Sel(J™). Le., with
the calculation of total gamma-spectra was considered capture only by s- and p -neutrons,
and the portion of the captures of k; for each of the possible spins of compound- states was
the free parameter. Obtained values are given in the table for the minimum x2. Here one
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should note, that the minimum x? with the use of sta.nda.?d model [4,5.,14] can be achieved
only for negative contribution of one of the spin states (in the table it substituted to the
gzero value). Taking into account great significance x? can be concluded, that procedur'e
[2] determination p and k reproduces experimental data on the total gfm}ma—spe.ctr‘a. is
more accurately, than model presentations of the type [4,5,14]. The existing deviations
totally can be connected only with the inevitable errors of experlmenta.! dat:a.”for p z?.nd
k, the obtained from the two-step cascades of capture therma.l n.eutrons into Sn'. First
of all - because of the absence of data according to the radlatnf'e sFrength functions of
primary El-transitions to the levels of these nuclei with the excitation energy less than
2.3 MeV. Or - because of the presence of the strong dependence of the radiative strength
functions of primary transitions from the structure of the decayed compound-states not
only with the small (E,, < 0.5B,) excitation energies, but also for 0.5B, < E; 5 B,.

Table. The most probable portion & of experimental spectrum, corresponding to the
decay of compound-state with the spin of J™ with the use of experimental c!ata [2] and
model presentations [4] and [14] for the strength functions and the level density.

118Sn 12OSn
Jm 1 (414 ]2 [4,14] 2]
0 |0.16(16) | 0.00(30) | 0.21(86) | 0.18(21)
1+ | 0.18(34) | 0.39(33) | 0.00(21) | 0.29(16)
0~ |0.21(54) | 0.00(30) | 0.12(98) | 0.28(16)
1~ | 0.21(75) | 0.01(30) | 0.30(18) | 0.07(6)
2= | 0.16(91) | 0.53(83) | 0.15(17) | 0.04(6)
sum 0.92 [ 0.93 0.78 | 0.86

The results of the comparison of the spectra, calculated for different functio.n.al dep(.an-
dencies of level density and of the strength functions of dipole gamma-‘tr.ansm.ons with
the experiment, quite unambiguously lead to the conclusion, fully coinciding with those

obtained earlier:

e “smooth” function p = f(E.;) reproduces the total gamma-spectrum of the thf:r—
mal neutron capture noticeably worse, than the stepped functional dependencies

obtained in [2,3];

o Is hence automatic (because of the strong correlation p and k) follows the imposs?bil—
ity of the precise description of the experimental values of k by model presentations

of the type [4,5].

In particular, taking into account the influence of the str.ucture of the exci‘ted levels
on a change in the form of the energy dependence of radiative strength functions most
likely should be carried out up to the neutron binding energy. One must not exclude the
possibility that the radiative and neutron strength functions also depend on the structure
of neutron resonances at the excitation energies larger, than B,,.
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4 Coﬁclusion‘

The comparison of the total gamma-spectra for different functional dependencies of p and
k(E1) + k(MT1) both on the excitation energy of nucleus and on the energies correspond-
ing to the primary and secondary gamma-transitions for the therma] neutrons capture in’

1711980 with the experimenta] data was carried out. The comparison showed that model
predictions of the non-interacting Fermi gas level density in these nuclei give worse corre-

and §(k(E1) + k(M1)) directly follow from the comparison of the data in Figs. 1,2 and’
3,4. This circumstance confirms the conclusion [1], that the measurement of such spectra’,i

for example in the procedure [8], requires accuracy on ~ 2 orders larger

variants of such data.

And even total reproduction of the experimental total gamma-spectrum by calculation

with a certain set of p and k is not the proof of the correspondence of these values to the
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E ,MeV

ex!

Fig. 1. The level densities of both parities and spins 0, 1 and 2 for con?poug;ihnuc:lrz
11;5;08;1 Line 1 presented the used in calculations values of thfa level density w1d. ?n‘ns
‘]—(0-2).+ line 2 - the same for negative parity only. The dash line represents predictio

of the model [14]. ’

k(E1)+k(M1), MeV*

9
E,, MeVv

Fig. 2. Solid lines presented the radiative strength.functi(‘)ns o§ p}fxmf;;}f E‘l,; :?i Igtl};
transitions (multipleted on 10°). Line 1- ma.xim}lm increasing of the : Bla._ °
functions of secondary transitions to the levels with the energy of E,, —.;h ]: o )l:—const
Line 2 and 3 represent predictions of the model (5] and [4] in the sum wi % (M1)= .
For both models is used the ratio k(M1)/k(E1) = 0.2 for of E; = 6.5 MeV.
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Fig. 3. The experimental (points+line) total spectra of y-radiation following fast neutrbn
capture for the 1'"1'%Sn targets. Lines 1 represent results of calculation using data of Ref.
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REANALYSIS OF THE PROCESS OF THE CASCADE GAMMA DECAY
OF 8Au COMPOUND STATE

AM. Sukhovoj, V.A. Khitrov
Joint Institute for Nuclear Research, 141980, Dubna, Russia
BE Crawford, S.L'. Stephenson
Gettysbury College, 300 N. Washington Street. Gettysburg PA 17325, USA

To further study the *pygmy” resonance phenomena, in the photon strength function,
we reanalyzed the two-step cascade data for the target nucleus 1°7Al using the Dubna

group approach. The range of obtained values allows for meaningful conclusions: ‘the level .
density at low excitation energy shows a step-like behavior; the electric dipole photon -
strength function has a broad maximum around E, = 5 MeV and is not typical of a .

"pygmy” resonance; the level density below B,, also demonstrates step-like behavior.

1 Introduction

The main task of an experiment in the low energy (Eezz10 MeV) physics is to study
the influence of structure of excited levels of a nucleus on the parameters measured in
the experiment, for. example of the:process of cascade gamina decay. After that — the
extraction of dynamics of intranuclear interactions out of these experimental values and
their theoretical interpretation with the development of theoretical models required in
practice 1] for the nuclear parameters used in this case. This is necessary, in particular,
in order to obtain the maximum realistic evaluation of cross sections-of interactions of
neutrons with nuclei necessary in practice. This is important especially for actinides where
the existing models of level density can not [2] provide for the maximum reliable and

accurate evaluation of cross sections with the absolute minimum of accepted hypotheses -

and assumptions.

In the stated analysis cycle the evident insﬁfﬁciency of experiments sensitive to the
structure of nucleus in the widest region of its excitations still remains the main problem.
At present, the co-existence, interaction and defining influence of the nuclear excitations -

of ‘qualitatively differing types, namely multiquasi-particle and vibration ones, on the -
structure of nuclei give no rise to doubt. This is the main conclusion of such fundamental

models of nucleus as different variants of IBM and QPNM. Unfortunately, the majority of
experiments carried out so far give direct and quite reliable information on the structure
‘of nucleus only for too small energies of its excitation. In practice, for example, this region
in the even-odd heavy nucleus [3] is still restricted tG the interval of excitation energies of
the order of 2 MeV. Therefore, there are no direct methods to determine level densities,
first of all, at higher excitation energies. The mentioned parameter of a nucleus, like
probability of the gamma quantum emission in the whole region lower than the neutron :
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attainable systematic errors 61yy.

binding energy or nucleon products of a reaction may only be detemiped from indirfect
experiments. Mainly, such analysis uses the spectra of products of a nuclear rea.ci.:log
measured_by single detectors. Their amplitude depends b(?th on the number 9f excx/t;a1
Jevels and on partial widths of the emission of nuclea,;' reaction products acpor§1ng to the
given decay channel of the initial state of an excited nucleus. .

The situation is also complicated by the fact that the measured ordinary spectra of

. one-step reactions are mainly determined by the product of level density of a nucleus on

the probability of emission of their products. "As a r'esulf:”of strong correlati_on of .these
parameters, the transfer of inevitable errors in determm.a.tlon o'f th.e spectrum intensity to
the unknown values increases abruptly their uncertainties. Thx.s circumstance complf:tely
excludes a possibility of simultaneous experimental determinatlor}, f'or example of reh?.ble
values of level density p in a fixed interval of their spins or of ra.(i'la,tlve strength funciflons
f=Tx/ (Eg x D,) of cascade gamma transitions, withou't attraction of any mcfdel,notlons:’
first of all, without the hypothesis [4], which is a basic one ff)r the am?lys1s of all 1':he
experiments carried out earlier, on the indepedence of cross section of the inverse reaction
on the excitation energy of the final nucleus.

Potentially, the task of simultaneous deterinina.tion of p and k could l.)e solved . for
gamma decay of any excited level A of an arbitrary nucleus with the mass A with any mean
spacing Dy between them at the combining of experimental data of different experiments,
for example of the cross sections of radiative neutron capture ;?.‘qdrspectra.. of gamma rays
occurring simultaneously. However, there are no practical a.clpevements in thls ldu-gctmn
so far. R e R D
A ‘funda.menta.l_ly new method to solve the problem under consideration was rez?.Iiz'ed
for the first time [5] in Dubna. The analysis of intensities of two-step ca'.sca,des of radiative
capture of thermal neutrons in the energy intervals AFE, fixed according to the method
[6], of their intermediate levels E; = B, — E

-

B R . FAi Flf - FAi B ;. LR Fi:f . | . “.: (1)
() = g;z,: IV 57 <Tu> m,\iﬁf\'< Py >my ' ;

made it possible for the first time to d_etétminé p and k simultaneously a.nd v;/ith?ui.:!?.:
model: in the initial variant - on assumption of thevindepend‘ence:o»f‘pa.rtl‘a.l rarc}llatlvg;
widths T on the excitation energy of the studied nucleus (i.e. using the hypothesis [4]);7
in the modern one {7] - completely without using it._Thé indu‘bi.tafb_le advantfa.gg of such
experiment is also the circumstence that for any interval of excitat{qn energies AE the
number m = pAE (or n)of levels is fixed by the spin window assigned by an experm'lent.
At the same time systematic errors §p and &k of the determined parametez:s are rfastncted ~
very much by the type of spectra measured in the experiment (in comparison with f)ther,
methods of similar .experiments) and have a quite acceptable value (8] for. pr?.ctlcally

Later, similar experiments were carried out in Riga, Rfaz, Los "_\la.mos, Budapest
9, 10, 11; 12] ‘and started in Dalat. However; the concluslons of different groups on
Parameters of the cascade gamma-decay process differ fundamentally depend.mg on the
method of experimental data processing used by the authors. This difference is of purely‘:
-technical character and may lead to the appearance of false conclusions about the process™
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under investigation only if one does not take into account strong correlation in expressiop §
(1) of the unknown parameters p and k in the analysis. Errors increase particularly ip
conclusions of the analysis of experiment when anticorrelations of cascade intensitjes are
neglected with the energies of their primary and secondary gamma transitions located ip }
one and the same interval AE of each experimental spectrum. L

2 Main tasks and problems of model-free determina-
tion of p and k& ‘

Currently, the method [7] is the only source to obtain reliable data on p and k for any
compound nucleus if only the experimental conditions allow one to limit the energy spread
of the excited levels X to the interval of the order of 1-3 keV and less. However, in contrast
to other already existing methods, here a single-valued determination of the unknown
parameters is impossible in principle. ) o

For example, for cascade gamma decay at the neutron capture in resonance the in-
formation on experimental intensities of two-step cascades,“their density and number of
known low-lying levels is available. However, it is impossible to obtain unambiguity ‘in
determination of p and k even using [7] such additional information as the total (or only
cascade) population of levels in the low half of neutron binding energy. o

A very essential limitation of the region of possible values of level densities and ra-
diative strength functions is provided by non-linearity of equation (1) relative to p and
k. The non-linearity effect occurs only if its half is extracted [6] out of the experimental
spectrum. The half equals to the summarized intensity of two-step cascades; which excite
intermediate levels in each’given interval of their energy. This very operation during the
data processing decreases the interval of values of p and k, which accurately reproduce
Iy, from absolutely non-informative ones [13] to practically accurate values of 8] p and
k suitable for comparison with the theory. That is why the analysis [7] makes it possi-
ble to obtain the maximum realistic notions on the dynamics of the process of cascade
gamma decay of any nucleus. However, the existing quite serious discrepancies between
the data on p and k from the technique (7] and the technique, which is used for a long
time, to extract level densities from evaporative spectra point to the necessity of serious
comprehensive analysis of both sources of systematic errors in the compared experiments
and search of factors, which may influence essentially, in the first place, the determined
values of level density. ‘ c

At present, the problem of studying the influence of structure of wave functions of levels
connected by a cascade on its intensity takes on special significance in determination {7
of p and k. It is of special importance for heavy odd-odd compound nuclei where, due to
the insufficiency of experimental data on gamma ray spectra in-the region E., ~ 0.58,,
we failed to estimate the degree of discrepancy of radiative strength functions of primary
and secondary gamma transitions of one and the same energy and multipolarity. It is
also true for the nuclei maximally close to the actinide region for preliminary evaluation
of the conditions, which may distinctly distort the values of p and k obtained with the
help of method [7]. '
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_“The models [1] of radiative strength functions surpass essentially with regard to the
atent of working over and account of structure of a nucleus of the level density models.
The second ones take into account in an explicit form the existence of two fundamentally

. different types of nuclear excitations, the first ones still use only excitations of the fermion
type [1]. The accumulated data set for each of the nuclei studied in [14] points to the

necessity, at least, of phenomenological inclusion of the contribution from excitations (or

“the corresponding components of wave functions)of vibration type into radiative; strength

function models.

Taking into account all these factors, the maximum complete data analysis for the
compound nucleus *Au is of primary interest.

3 Properties of the cascade gamma decay of the ¥ Au
compound state

Experimental determination of the total gamma ray spectrum of the radiative neutron
capture and its interpretation in the framework of the present-day notions made the
authors [15] conclude that in this nucleus the gamma decay is “anomalous”: at the gamma
transition energy of about 5 MeV the so-called “pygmy- resonance” [16] manifests itself
in the radiative strength function. This interpretation of the observed increase of the
strength function of emission of the corresponding gamma quanta still remains and- it
became a subject ofeinvestigation in [17]. Notions on the “anomality” of gamma decay
have been obtained and remain only in the framework of the condition that the level
density has been determined by now and is described with the help of a model with
a rather high accuracy in the whole region of neutron binding energy by a “smqoth”
function. From our point of view, no alternative has been considered here.

However, the present-day fully model-free method of simultaneous determination of
p and k [7] gives another result. Its practical application for more than 20 nuclei from
the mass region (40 < A < 200) points to the existence in a nucleus of, at the least, two
excitation energies, in which abrupt and fundamentally important change of ‘its structure
occurs. Approximation [18] of the experimental data for p by partial level densities of n-
quasi-particle excitations shows that this effect with maximum probability may be caused
by the breaking of Cooper pairs of nucleons in a heated nucleus with practically any mass.
Unfortunately, the lack of data [19, 20] on the spectra of gamma rays of radiative capture
of thermal neutrons in !*”Au has prevented from using the method (7] to determine p
and k in this nucleus. Both level density and radiative strength functions in 198 Au have
been determined {14] using only the hypothesis of independence of the radiative strength
functions of primary and secondary gamma transitions of one and the same multipolarity
and energy on the excitation energy. The use:of this assumption must- overestimate
the 198Au.level density determined experimentally in the region of several MeV around
0.5B,, and underestimate the values of k for the appropriate energies of primary gamma
transitions. Estimation of the appropriate systematic error may be done on the basis
of comparison of the data for p from {7, 14] for the nuclei with a diﬂ'erent'pa.rity of the
number of neutrons and protons. Relative smallness of the obtained error indicates that if
/’ .
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we take the value into account it will not lead to a fundamental distortion of conclusions
of the analysis of the available data.

Nevertheless, it is necessary to perform all possible analysis of the earlier obtained
experimental data [14] for this nucleus, in particular, to estimate the degree of possible
difference of radiative strength functions for primary and secondary gamma transitions for
various final levels of % Au, and also to estimate the degree of influence of other parame-
ters of this nucleus on experimental cascade intensities and the form of their dependence
on the intermediate level energy.

4 Analysis

It is very characteristic for the nuclei studied in accordance with the methods (7, 14]
that the change of sum f(E1) + f(M1) at the change of levels excited by them is of
alternating-sign character: a considerable increase of k values in the region of “stepped”
structure in the level density of relatively large energies excited by primary transitions of
levels is accompanied by some decrease of k for low-lying cascade levels. This effect in an
odd-odd nucleus must lead to an overevaluation of calculated cascade intensities at the
increase of energy of their final level.

Two-step cascade intensities to the levels of %8Au with the energy Ef < 450 keV
required for comparison with the experiment {21] have been calculated for the followmg
variants of the level density:

a) the back-shifted Fermi gas model {22},

b) combination of the Ignatiuk model [23] higher than 2 MeV with the experimentally
determined number of intermediate cascade levels at smaller excitation energies and

c) the experimental level density from method [14]. In both variants of the method
of simultaneous determination of p and k the level density of the positive and negative
parity is varied independently. However, at the same time the conservation of the average
spacing for levels corresponding to s-resonances and the summa.rlzed density of “discrete”
levels is provided. '

Radiative strength functions for El-transitions are used from results [14] and-modcls

{24],{25]. The model presentation for f(M1) for the last two variants is restricted by the

case f(M1) = const. The corresponding data is given in Fig. 1.

The summarized level density of both parities for spin window 1 < J <3is prescnfcd
in Fig. 2.

- All the variants of the values p, f(E1) and f(M1) obtained in accordance with [14] and

presented in Fig. 1 and 2 practically precisely reproduce the sum of cascade intensities to
levels with the energy less than 514 keV [21] (Fig. 3). The comparison of experimental
intensities of two-step cascades to specific low-lying levels of '8 Au for different variants
of level densities and radiative strength functions of the gamma transitions is shown in

Fig. 4a-c.. The signs of random deviations of calculated intensities in different sets of data -

from [14] anticorrelate with each other for different final cascade levels. The deviations of
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average values from the experimental intensities may be partially related to the systematic
errors of determination of the sums of cascade intensities for the given final level.  Here,
there is no reason to exclude a possible dependence of I, values on JF, and the influence
of details of the structure of wave functions of Ey levels on the average value of f (El)
and f(M1) for secondary cascade transitions.

5 Discussion of results

In all the nuclei studied by now the final levels, the spin J; of which differs from the
neutron resonance spin Jy no more than for 2 and has the maximum value at [Jy—J, | =0
are excited along with the experimentally observed intensity. For the compound state of
198 Ay excited at the thermal neutron capture JJ = 2+[26], therefore, the excess of cascade
intensities calculated according to the data [14] to the final levels Ef =347 and 406 keV
with spins J7 = 27 [27) over the experimental values may be caused by the presence of
unresolved doublets and/or the influence of structure of the enumerated levels on f(E1)
and f(M1) of secondary transitions of the cascades. In any case this circumstance may
not lead to changes of the obtained conclusions on-the process of cascade gamma decay
due to the relative smallness of excess of the calculated value in comparison with the value
>y I, observed in the experiment. '

If we take into account such possible explanation then the calculation using the data
[14] gives a regular excess of intensity over the experiment for cascades on the levels with
the energy 261 < Ey < 482 keV. Due to the lack of other explanations it is possible to
accept as the most probable hypothesis that the relation of radiative strength functions
of secondary gamma transitions of cascades to the corresponding values for primary ones
has the same [7] form as in even-even nuclei and in even-odd ones. In other words, the
general dynamics of the process of cascade gamma decay of the neutron resonance is
characterized by the regularities, which do not depend on the parity of nucleon number
in the odd-odd compound nucleus, as well.

The presence of a local increase of radiative strength function in the region of the
“stepped structure” in p (~ 1.5 < E.Z=3 or for primary gamma transitions (= 4 <
E,55 — 5.5 MeV) reflects, most likely (7], a considerable increase of the influence of
vibration components of levels on' its value in the region lower than the threshold of
appearance of four-quasi-particle excitations. Radiative strength functions of primary
gamma transitions decreased at the breaking of subsequent Cooper pairs of nucleons to
the levels with four-, six-, etc. quasi-particle components.

In other words, new models of radiative strength functions must in an explicit form
take into account the co-existence and interaction of excitations of quasi-particle and
phonon types in the whole region under consideration of excitation energy of a nucleus.
In the level density models this fact is explicitly taken into account, for example [1],

by introducing the vibration enhancement factor of level density of quasi-particle type.

Therefore, most likely, no new types of excitation of nucleus (of the “pygmy-resonance”
type) should be proposed and included in the k models. e : :

Almost the same value of the calculated cascade intensity in the energy region E, ~
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0.5B;, of their intermediate levels for all the tested variants of radiative strength functiong

and level density demonstrates that the conclusions made in [11],{12],[17] by now on the L

parameters of the process of cascade gamma decay must be in serious error, since they do
not take into account a strong correlation of values p and k, which are included in L.

In the framework of the existing notions it is impossible to reach the conformity of the
existing and possible models of p and k with the experiment by any parameter variation,
if only they do not take into account quite realistically the influence of breaking of the
nucleon Cooper pairs on these parameters of the process of cascade gamma decay of the
high-excited level.

6 Conclusion

Currently, there are no obstacles in obtaining the experimental data necessary for a rather
detailed theoretical description of the properties of nucleus lower than =~ B,. By analogy
with the experience of study of two-step cascades at the thermal neutron capture one may
assume that reliable data on p and k in other experiments may be obtained only at the
study of two-step nuclear reactions in coincidences by high-resolution spectrometers.

Erroneous conclusions during the analysis of an experiment of such type may occur
only if out-dated model notions on the level density or the probability of emission of
. nuclear reaction products are used.

The potential models of the level density of a nucleus and radiative strength functions
of gamma transitions exciting them must in an explicit form take into account the co-
existence and interaction of excitations of quasi-particle and phonon type at least lower
than the neutron binding energy. Practical necessity in their development became ap-
parent [2] at the evaluation of contemporary data on cross sections of the interaction of
neutrons with fissionable nuclei. )

¥ T L ¥ L 1
|95Au
o 107F 3
>
Q
=
3
S i
10° 1
L 1 1 1 1
1 2 5 6

3 4
E,. MeV
Fig. 1. Solid thick lines - f(F1) from models [24, 25| and their sums with “pygmy-
resonance” for its parameters from [17]. Open point with errors — region for set of random
functions of f(E1), solid points — f(M1), reproducing I, (Fig. 3) with practically the

same values x?/f << 1. A
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Fig. 2. The same as in Fig. 1 for the level denéity (solid points. with errors). .Solid
line — model values [22], dotted line — [23] respectively. Open points — the density of
intermediate cascade levels [14].
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|, % per decay

v

Fig. 3. Hystogram — summarized experimental intensity of two-step cascac‘ie.s in t'hﬁ
intervals of 0.5 McV in the function of energy of the primary gamma transn:lox:1 w;lt1
statistical errors only {21]. Points ~ the typical approximation for the data from [14], the

examples of which are given in Fig. 1 and 2.
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Fig. 4a. Hystogram — experimental intensity of two-step cascades for the levels E,.
(summed over the intervals of 250 keV), lines — different variants of the calculation. The
first and third columns: combinations of models [22, 24, 25] — thin lines, [23, 24, 25] -
dotted line. The second and fourth columns - the intensity is calculated for random sets
of p and k from [14].
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Abstract

The activation method is not feasible for theﬁ“Zn(n,oc)“Ni reaction cross section
measurement because the residual nucleus 61Ni is stable. By using a twin-gridded ionization
chamber, differential and angle-integrated cross section data of the $Zn(n,0)%'Ni reaction
were measured at neutron energies of 2.54,-4.00 and 5.50 MeV. The experiment was
performed at the 4.5 MV Van de Graaff accelerator of the Institute of Heavy Ion Physics,
Peking University, China. Quasi-monoenergetic neutrons of 2.54 MeV were produced through
the T(p,n)’He reaction with a solid Ti-T target, and those of 4.00 and 5.50 MeV were
produced through the D(d, n)*He reaction with a deuterium gas target. A BF; long counter was
used as the neutron flux monitor and the absolute neutron flux was determined by the 2-38U(n,f)
reaction. Results of present work are compared with other measurements and evaluations.

Introduction . .

There are large discrepancies among the few existing evaluations and measurements for
the 64Zn(n,oz)ﬂNi reaction cross sections [1-5]. The activation method is not feasible for this
cross section measurement because the residual nucleus *!Ni is stable. In our previous work
differential and angle-integrated cross sections of the *Zn(n,o)*'Ni reaction were measured at
5.03 and 5.95 MeV, by using a twin-gridded ionization chamber [1]. In the present study we
extended our measurements to 2.54, 4.00 and 5.50 MeV to get. the, near threshold and
systematic behavior of this reaction.

* Project supp(;itcd by National Key Project -for Cooperaﬁon Researches on Key Issues Conceming

_Environment and Resources in China and Russia (Grant No. 2005CB724804), and by National Natural
Science Foundation of China (Grant No.10575006).
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Experiment
The experiment was performed at the 4.5 MV Van de Graaff accelerator of Pekmg

University, China. A solid Ti-T target and a deuterium gas target were used as neutron source,
The thickness of the Ti-T target was 0.80 mg/cmz. Quasi-monoenergetic neutrons were

produced through the T(p,n)3He reaction with the solid target. The energy of the accelerateq
protons before enter the solid target was 3.35 MeV, and the corresponding neutron energy
with energy spread was 2.54+0.03 MeV. The deuterium gas target was used to produce
neutrons through the D(d,n)3He reaction. The length of the gas cell was 2.0 cm, and the
deuterium gas pressure was 2.65-2.80 atm. The cell was separated from the vacuum tube by a
molybdenum film (thickness 5 um). The energies of the accelerated deuterons before entéring
the film were 1.77 and 2.84 MeV, and the correspondmg neutron energies were 4.0010.21 and
5.5010.13 MeV, respectively. .

The setup of the experiment and the twin gridded ionization chamber were the same as in
Ref. [1]. The working gas of the ionization chamber was Kr+2.68%CO;. The pressures of the
working gas were 0.90, 1.25 and 1.55 atm for 2.54, 4.00 and 5.50 MeV measurements. The
distances from cathode to grid, grid to anode, and anode to shield were 4.4, 2.2, and 1.1 cm,
respectively. The grid of the chamber was grounded. The high voltages for the cathode and
the anode were -1300, +1000 for 2.54 MeV measurement, and for 4.00 and 5.50 MeV
measurement, they were -1500, +1200 V and -1700, +1350 V, respectively.

Two *Zn samples (mass 4.05+0.05 mg and thickness 266.3 p.g/cm2 each) were attached

to the common cathode back-to-back. They were used for simultaneous forward (0 to 90°) and .

backward (90 to 180°) measurement. The abundance of the %Zn isotope material was 99.4%.
Each sample was evaporated on a tantalum backing 4.8 cm in diameter and 50 pm in thickness.

The %Zn samples were placed at the first position of the sample changer. Two tantalum
films set back-to-back at the second position of the sample changer for background
measurement. The absolute neutron flux was determined by a 28 foil (@ 4.50 cm, mass
7.8510.10 mg and abundance 99.999%). The 238U(n,j) cross section was taken from the
ENDF/B-VL.8 library. Two compound o sources were used for the adjustment of electronics
and energy calibration of the data acquisition system. The 2*U sample and the o sources were
placed at the third and the fourth position of the sample changer, respectively. It is suitable to
change sample positions using the sample changer without opening the chamber.

A BF; long counter was used as neutron flux monitor. The axis of the BF; long counter

and the center of the gridded ionization chamber were placed at 0° to the beam line. The
electrodes of the chamber were perpendicular to the beam line. The distance from the front

side of the BF; long counter to the neutron target was ~2.9 m. For E;=2.54 MeV measurement,
the distance from the solid Ti-T target to the common cathode of the twin chamber was

23.9 cm. The proton beam current was about 9.0 BA. Since the #Zn(n,0)*'Ni reaction cross
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Fig. 3. Differential cross sections
of the first group of alpha particles
in the c.m. system at E;=2.54 MeV

section is small, the total beam time for E,,-2 54 MeV was about 56.5 h (foreground
measurement ~26 h, background ~16 h, neutron flux calibration ~14.5 h). For E,=4.00 and
5.50 MeV measurements, the distance from the center of the gas cell to the cathode was
18.4 cm. The deuteron beam current was about 4.0 pA. The total beam time for 4.00 MeV
~was about 24.5 h (foreground ~13.5 h, background ~4.0 h, flux calibration ~7.0 h) and for
5.50 MeV about 14.5 h (foreground ~6.5 h, background ~3.5 h, flux calibration ~4.5 h).
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The cathode-anode two-dimensional spectrum for forward o-particles and differential

energy spectrum (0.8<cos£;<0.9) at E;=5.50 MeV are shown in Fig. 1. and Fig. 2.

Two major groups of a'-particles'can be found from the figures. The first group (with
higher energies) corresponds to three energy levels of SINi (ground state, the first and the
second excited states of 67 and 283 keV). The second group corresponds to higher excited
states of $'Ni (656 keV, 909 keV, ...). ~ ‘

The measured differential cross sections for the 64Zn(n,()tmz)6'Ni and 64Zn(n,otg‘;___)‘“Ni

reaction (correspond to the first and the second group of a—particles) in the center of mass

system are plotted in Figs. 3+5. Although the beam time for E;=2.54 MeV. was as long as
56.5 h, there were still too less o4 . particles to get the differential cross sections of the
64Zn(n,otg‘g,,_)“Ni reaction at this energy point.

Errors in Figs. 3+5 include the statistics of counts (3.3-5%), the uncertainty of
background subtraction (4-6%), and the error of defermination of 0° and 90° line (3-5%).
There are also scale errors from the uncentainty of the atom number of the Zn sample (1.23%)
and 28U sample (1.27%), the uncertainty of 8Y fission cross section data (2.9%, 2.3% and
3.1% for E;=2.54, 4.00 and 5.50 MeV), and the uncertainty of fission counts (2.7-3.4 %).

One can see that the ratio of the counts of o2 to 064_,_ decreases as E, increases. At
E,=2.54 MeV, almost all the events belong to the first group. At 4.00 MeV there are a few
o—events in the second group, but still much less than the first group. However, at 5.50 MeV,

the a—events in the second group outnumbers a—events in the first group. The angular'.
distribution for the ot—particles in the second group is almost isotropic on the contrary for the -
first group it is anisotropic. The angular distributions of the o—particles are 90° symmetric at’

E,=2.54 and 4.00 MeV, however they are slightly forward peaked at 5.50 MeV.
Angle-integrated cross sections for each group of ciparticles are listed in Table 1.
Fig.6 demonstrates the comparison of the present cross sections with existing data.
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Table 1. Angle-[ntegrated Cross Sections for the 64Zn(n, a)6'Ni Reaction

. o (mb)
Ea MeV) First group: | Second group: Total:
4 Zn(n, 1) 'Ni| % Zn(n, o34, )*'Ni ¥ Zn(n, &)°'Ni

2.54 +0.03 9.0+0.9 26+20 11.6+1.1

400021 40933 17.8x14 58.7+4.7

5.50+0.13} 309=x25 39.6x3.1 -70.5%5.6
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Abstract The setup REPS was created at the 50 m flight path of the pulsed neutron source RADEKS
of the Moscow Meson Factory (MMF INR RAS). It consists of the 8-sectional liquid scintillation detector
and the neutron (n, )-detector with a total volume of 40 1. The liquid scintillation detectm: was placed at
the 49.3 m flight path and the 3He neutron counter was installed at the 51.5 m from the active zone of t‘h,e
reactor. Time-of-flight spectra were measured for thin metal sample-radiators of Mo, Ho, Ta and W (with
diameter of 80 mm) by means of the setup REPS: The setup REPS was shielded by a thick layer,of boron
and lead in order to reduce background from neutrons and y-rays scattered in the experimental.room. Su§h
a shielding allowed to decrease background by a factor of 4 for tof-spectra obtaint_ad at 50 m flight p§th in
comparison with spectra at-30 m flight path. A quite low background and a l}lgh energy . resolution of
spectrometer permitted to resolve some new resonances for W with the energies of 17 eV and 23 eV.
Besides, total transmissions, group total and capture cross-sections for Mo, Ho, Ta, W were extracted from
measured time-of-flight spectra in the energy region from 1 eV to 10 keV. The similar values were
obtained by the GRUCON code on the basis of the estimated data libraries. ‘

- Introduction

It is known, that uncertainties in the calculation of the characteristics of power nuclear
reactors such as; critical sizes, power density field, reactor life time etc., are caused mainly (about
50 %) by uncertainties in the knowledge of neutron constants of reactor materials. Established
admissible errors of neutron constants for all basic reactor materials and fission products are
about 1 %. [3]

Required errors for construction materials and fission products must be in the range of 5-10 %
for @, 0, 6 and 2-15 % for self-shielding factor with 6, =100. : . i

Required accuracy of neutron constants for the majority of reactor materials is not ach;eved

up to now and consequently it is necessary to continue experimental research in this direction .

Measurement procedure

In order to improve the accuracy of neutron cross-sections and their /integrated
characteristics measurements of time-of-flight spectra were carried out at 50 m flight path of the
pulse neutron source RADEX [1] (E,.=209 MeV, I, = 4 mA, f =50 Hz, T = 1lmkc) by means of the
8-section liquid (n, y)-detector (L=49.3 -m) and the neutron detector with one high-performance
*He counter (L=51.5 m). The pulse neutron source RADEX includes tungsten target with 7cm
thickness and water moderator with-7cm thickness.. The thin metal disks of Mo, Ho, Ta and W.
with a diarneter of 80 mm were used as radiator-samples. .

The analogous measurements were recently performed at 120 m flight path of the pulse
neutron source IBR-30 (W = 10 kW, f =100 Hz, T =4 ms) at JINR (Dubna) using the 16-section

151



liquid (n, y)-detector PARUS [2] (L=121.65 m) and neutron detector with a small efficiency ¢ ;;

(4.2eV) = 0.5%. The neutron detector looked as a battery of 3 1°8 counters (L=124 m).

These measurements were applied to compare characteristics of the neutron sources :

RADEX of tl'1e MMF and IBR-30 of JINR. Figure 1 shows a general view of the REPS setup.
=

Y
|

=

-t

230

0
”Y N

f
|
u
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Fig. 1. A general scheme of the REPS setup: 1 — monitor counter, 2, 9 — coﬂimatoré, 3- sample-ﬁltef: 4
— neutron guide, 5 — boron and lead shielding, 6- FEU — 110 photomultiplier, 7 —multisection liquid - *
scmnllauon (n,y) - detector, 8 - radlator-sample, 10 - neutron ® He detector, 11 — water moderator, 12 ~ W
target.

The REPS setup consists of vacuum neutron guide, neutron collimators, filter-samples and
radiator-samples, 8-section liquid (n,y)-detector with ®B and Pb.shielding, neutron detector,
spectrometric - electronic equipment and - measurement -module with a PC to accumulate
information. Resonance filters from Al, Mn and Cd were positioned in the neutron beam during
measurements and served to define the background in the measured spectra and to reduce recycled
neutrons with the energy <0.2 eV.

A solution of scintillating additions with a weight of 50 g, 94 % trimethylborate (5.5. 1)
enriched by '°B and 19.51 of toluol was used as a scintillating liquid. The detector consists of the
cylindrical aluminum tank with a length of 40 cm, a diameter of 40 cm and throughout hole with a
diameter of 110 mm. Tank with a volume of 40 1 is divided into 8 independent sections, isolated
from each other by 2 mm aluminum light-reflecting walls. Each section was viewed by the
photomultiplier FEU -110 with a direct contact of the photocathode to a liquid. The efficiency of

v-quanta (662 keV from Cs) registration equals to 30 %, the geometncal efficiency - 96 %, power
sanction - about 30 %. »

The electronic equipment for the information storage was designed in the CAMAC standard.
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The analog signals from each section of the detector were entering into an. independent
spectrometer channel. The pulses with a width of 30 ns after photomultiplier were magnified by
fast current amplifier with a multiplication factor of k=70. The sxgnal amplitudes in each section
were calibrated by means of high intensive y-lines from °Co and **’Cs. After linear amplifiers the
analog fast signals were coming in parallel on integral discriminators and on linear adder with
nine entries. The integral fast dxscnmmator, intercepted signals below 600 keV from background
-y—quanta at the capture of neutrons by '°B nucleus, was connected to the output of the adder. The
discrimination level in each channel was corresponded to the energy of y-quanta equal to 100 keV.
The information selection on the multiplicity spectra from 8 spectrometric channels was made
using the multiplicity coder. The formed pulses with a width of 100 ns from integrated gating
signal of discriminators were entering into the multiplicity coder (MC). The MC formed a five-
digit code, which was coming in the block of digital windows to generate time-of-flight spectra for
8 multiplicities. This information was accumulated in the intermediate memory and saved to disk.

Téchnique of processing and results of measurements

The analysis of the tof spectra for different multiplicities consisted in the following operations:

—

subtraction of background components;

2. integral compression of multiplicity spectra in‘the energy groups in conformity with the
constants system BNAB; )

3. definition of transmission functions and neutron cross-sections with correction for

resonance shielding effect by the formulas:

ICD(E) *E(E)e oEOr % IE

Y hind (n,0,E) = ()]
j ®(E)* £(E)*dE
N M
70 (n,0,) = e~ L) "M
: Nopmlbeam - Fopenlbmm

< o"”" >=~In(T,")(3)
where: n-the thickness of the sample-ﬁlte;; O-the temperature of the sample; O(E)-the neutron flux; othe
total cross-secnon N sampte ADAN -the number of counts in the energy groups with and without the

sample in the beam; F,, ., and F,, . .m—

opeﬁlbeé.m
—the backgrouﬂd components in the energy groups with and
without the sample in the beam; M—the monitor coefficient.

To extrapolate observed cross-sections to the value with a thickness of 0 at/b the self-shielding
correction factors in the total cross-sections K, calculated for the filter-sample with a thickness of
n at/b on the basis of the evaluated data 11branes should be used. The ﬁnal total cross-sections
were determined in the following way:

cal (0)
cal ( )

o*(0) =K, *0” (n),K 1S
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where: ¢ (0) and o (0)-the experimental and calculated group total cross-sections for zero
thickness of the filter-sample; o (n) and o (n)-the experimental and calculated group total’
cross-sections for the filter-sample with a thickness n (at/b). . E
In addition to total cross-sections group radiative capture cross-sections were determined by
normalization to the well known standard cross-sections of 2*U under the assumption of the
constant registration efficiencies of y-quanta e’(E) = e5*™(E) from “standard” sample and sample
under investigation: -
v MUXSU ¥nU xNIvgxgl g MU*SYU %! x N

M:*SJ*nJ*NU*¢*Ex c (5)

<0, >'=<0,> —
M**S**n**N_

where: symbol ,;s* corresponds to a sample under investigation; MY and MS? — monitor
coefficients; SY and S° — radiation areas of radiator-samples; nYand n’-thicknesses of radiator-
samples; <>V and <0c>s—group capture cross-sections. .

Experimental results for Mo, Ho, Ta, W and 2*U and calculated cross-sections using the
GRUCON code [4] on the basis of the evaluated data library ENDF/B-6.7 (B-6) [5] are presented
in the Table 1 for the energy range from 4.65 eV to 2.15 keV.

Table 1. Experimental data and calculated cross-sections for Mo, Ho, Ta, W and **U (barn).

Eg(keV) Mo Mo™® Ho™? Ta™? Ta®™® | Ta(B-6) W | U8 (B-6)
' <G> <o> <6> <6> <G> <0> <G> <c>
2.15-1.0 ]10.310.4 |0.940.1 |3.740.3 |34.4+3.0] 5.3+0.7 | 74 23.1+1.4 1.89
1.0-0.465 [11.240.5 |1.240.2 {6.740.7 |40.2+4.0 | 12.2+£1.0| 13.0 22.241.5 331
0.465-0.215110.9+1.3 | 1.440.2 |8.2+1.1 |484+4.0(19.3£2.0| 22.8 27.3+1.8] 4.56
0.215-0.100 {16.241.2 [4.240.4 |25.643.0 | 69.625.0 | 49.4+5.0 | 323 32.0£2.0 19.6
10046.5 eV | 18.241.3 {3.2£1.0 . | 30.344.0 | 63.315.0 | 37.0+4.0| 31.0 18.2+1.5 16.4
46.5-21.5eV | 19.841.4 |27.516.0 | 38.545.0 - 16620 | 119 48.842.5]{ 553
21.5-10eV {18.5+1.3 - 124+15 - 134+15 | 115 80.413.5 87.1
104.65eV |16.611.2 - 78.618.0 - 38.0+4.0| 13.7 17.8£1.5 169

Since the IBR-30 reactor was stopped the scintillation (n,y)-detector and the neutron detector
with one *He counter were transported from JINR (Dubna) to the 50 m flight path of the pulse
neutron source RADEX of the Moscow Meson Factory (MMF INR, Troitsk). The purpose was to
carry out measurements of time-of-flight spectra at the neutron source of the MMF and to
compare some operating characteristics of the spectrometers: the IBR-30" reactor and the
RADEKS source of the MMF. The conditions of experiment in Troitsk were chosen similar to the
IBR-30: the energy discrimination, parameters of the spectrometer equipment and samples under
study to define more precisely neutron fluxes and background components. In order to remove
background from recycled thermal neutrons a cadmium sheet with a thickness of 1 mm was placed
at the distance of 20 m from the moderator of the neutron source RADEX. To form a neutron
beam a collimator with a diameter of 60 mm was installed at the distance of 40 m from the
moderator, and a lead collimator with a diameter of 60 mm was positioned before the liquid (n,y)-
detector. - - i ; S ; o R L

Measurements of the time-of-flight spectra for radiator-samples of Mo, Ho, Ta, W and Z?SU
were carried out as short series of measuring sessions to sum 8 multiplicities by means of the
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)-detector and *He counter. Figures 2 shows a comparison of measured spectra at the distance
([;’7124 m from the active zone of the reactor IBR-30 and ones on the 51 m flight path of the
° EX source. In Figure 3 time-of-flight spectra for W measured by means of the (n,y)-detector
and the neutron detector at the 51 m flight path of the RADEX source are presented.

—— W IBR-L=124 m, t=1440', P=10 kW
~—— W MM-L=51 m, t=270', I=5 mA

1500-‘
1300
1100
900 -
700
500 4
300

Count

11 21 31 41
E, eV

'1°°J1 51

Fig.2. Time-of-flight spectra after transmission of neutrons through W sample-radiator (0.4 mm)

measured using the 10p detector located at the 124 m flight path of the IBR-30 (P=10 kW, =100

Hz, At=4mks, dt,, =2mks) and the 3He counter installed at the 51 m flight path of the RADEX :
source of the MMF (I=5 mA, f=50Hz, At=1 mks, dte, =lmks).

These spectra were used to define characteristics of the neutron spectrometer positioned at the 50
m flight path of the MMF. Flux density ®¥MF (/em’ s eV) for resolved resonances .of Wm\alas
determined from measured time-of-flight spectra (see Figure 2) with known flux density @™ =
400/E*® (n/em? s eV) of the IBR-30 by the formula: i ’

S MMF ¢ IBR AMMF

MMF _
o - S IERT1 AR

©

where: S"™F, S®*_areas of radiator-samples used at the RADEX of the MMF and at the IBR-30 (SMMF/
SIBR =1.3); T, - total transmission of Al (70 mm), NaF (10 mm), B,C (4 mm) resonance filters at the IBR-
30; A™" ; A% _ratio of integral counts of. pulses for a resonance with the energy E, (eV) in the energy
interval of AE,(eV). ‘ _ , ‘

Also an estimation of the flux density in the location of the neutron "He detector at the flight
path of the MMF was done for these spectra in the energy region of resolved resonances (see
Figures 2 and 3) with known neutron registration efficiencies. :
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5000 -
—— W MM-L=51m, dt=270, f=50 Hz, I=5mA
—— W MM-L=48.5m, d§=270', f=50 Hz, I=SmA

Count

1 6 11 16 21 26 31 367 41 46 5'1
E, eV

Fig.3. Time-of-flight sPecua after transmission of neutrons through W (0.4 mm) radiator-sample
measuredzby the 8 sectional (n,Y)-detector of the REPS setup at the 48,5 m flight path and by the
He counter at the 51 m flight path (I=5 mA, f=50Hz, At=1 mks, dt;, =1mks )

As one can see from Figure 2 the neutron flux density at the 51 m fli
the energy of 7 eV should be much less, than at the 124 my flight path of thg:tllgil{di;(f ::ihm:l
mentioned operating parameters of these spectrometers. In this respect the ratio of the signal to th:
background of the MMF is several times smaller, than at the IBR-30. For (n y)-detector‘ of the
MMF setup the time resolution is several times better in comparison with one, of the IBR-30 It
allows to observe new resonances of W in the low energy range (see Figure 3). S

, . , Conclusions. .
t"'I'he r}et;v se.tupalREPS is better for some kind of measurements due to its time resolution and the
ration of the signal to the background. It was allowed to observe new : in the
1€ . W resonan
it lowed to / nces for W in the low
In order to continue investigations in this direction we are planning to increase the éVél;flge
current of the proton beam of the MMF and to use more efficient detectors.
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Abstract: In the framework of the compound mechanism using the evaporation model
and constant nuclear temperature approximation were deduced formulae for fast neutron
induced o-particle emission reaction cross section. The semi-classical approach to an inverse
reaction cross section and Weizsacker formula for nuclear binding energy were used.

For systematic analysis of known experimental (n,&) cross. sections in the energy
range of 6 to 16 MeV the statistical model formulae were used. In addition, the theoretical and
experimental (n,c) cross sections were compared.

1. Introduction

Investigation of charged particle emission reactions induced by fast neutrons is
important for both nuclear reactor technology and the understanding of nuclear reaction
mechanisms. In particular, the systematic study of (n, @) reaction cross sections is necessary to
estimate radiation damage due to helium production, nuclear heating and transmutations in
the structural materials. of’ fission -and fusion reactors. In addition, it is often necessary in
practice to evaluate the neutron cross sections of the nuclides, for which no experimental data
are available. Because of this, in last years we carried out the systematic ‘analysis of known
(n,@) and (n,p) cross sections and observed so-called isotopic effect in the wide energy
interval of neutrons for the broad mass range of target nuclei [1-3]. In the framework of the
statistical model some formulae of the fast neutron induced charged particle emission reaction
cross sections were obtained [4]. Also, for systematic analysis of fast neutron induced (n,p)
reaction cross sections simple and convenient formulae were deduced [5]. .

In this paper, using the statistical model certain formulae for the fast neutron \inducedﬁ
(n, @) cross section were deduced. For systematic analysis of the fast neutron induced (n, @)
reaction cross sections the theoretical formulae were used. The parameters C and K in the
statistical model formula for (n,@) cross section were analyzed in the wide energy range of
neutrons. ‘

2. Statistical Model Formulae for (n,ct) Reaction Cross Section

For fast neutrons using the evaporation and constant nuclear temperature models,
semi-classical approach for an inverse reaction cross section and I' =T, approximation we can
obtain the following general formula for the (n,x) reaction cross section [4]):

O'(n,x)=0'c(n)§§’ :ig’;x eg’"‘;i 1 2 e ) eE. - o
| » n 1- @ne 6 _,©
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Here: S, M,, V., S, and M, are the spin, mass, and Coulomb potential for the x-particle and
neutron, respectively; Oy, is the reaction energy; ©=kT is the thermodynamic temperature; -
Wo=E.+0n-Vs; En is the neutron energy. o, (n)=n(R+X)* is the compound nucleus

formation cross section; R is the target nucleus radius and X is the wavelength of the incident
neutrons divided by 27

For (n,@) reaction we can get Sg=0, S,=1/2 and Ms=4M,. So, from (1) we get following !
formula for (n, @) cross section: .

in the case of A-3 = A from eq.(9) can be written the (n, @) cross section as following:
N-Z+05
iy 'St bt

oo =Ca(R+®)’e * . : 12

\.\ - 1. od He g
Coa=Va l—he-e -e © o 0\ . \':'w\'
o(n,a)=2z(R+X)’e © (Z - - @ / g

%

o
o
=2

1_ nee_ee

] e
If we use for fast neutrons assumption (E,+Q,-V,)>>© from (2) can be obtained

[ J
: R A rryy C=0560] \
following formula : K=58.7 AN K=52.4 ;
Ona=Ve 0.
o« =27(R+X)’e ©
The termodynamxc temperature can be obtained as following [6]: .

f=d
o
pry

<r/1't_(F1+k)2

oin(BR+A)
.

.15

1E: ; 5.10 515 'Eg'co 0.0 5.10
©)) 800 005 N.z+0.5/A IN-z:0.5yA

1 T
. 1 T T
f ( ) : Z . E=13MeV
6= 13.5 j,. ';Q,.a @) . \ 04 ..o
- 0.1 L
The Coulomb potential of c-particle can be written [7] in the following form: \.:\.\. 0.01 \!'\"- 4
zZ-2 ‘ o e = °
=2.058— " ) . 2 :
Ve =208 gy MV © g™ . s s ;
Here: Z and A are the proton and mass numbers of the target nucleus, respectively. s ) ® ul®
If we use Weizsacker formula for nuclear bmdmg energy can be written following fad A Py - 1B C=1.26 [ n 3
expressions for parent and daughter nuclei:. . . K=44.7 \ K=47.4 o
2 - : i 1E5 —t X 0.15 0.20
E, =oA- pA* - y% . Qﬂ_:z_) . ©) &30 R 00008 0suA
’ A-3)-2(Z-2 2 T T 1 T T
and  E,=a(A-3)- f(A-3 -y zA _(3) I, V) E-145MeV | - [Ertemev
Where a=15.7 MeV, f=17.8 MeV, 3=0.71 MeV and &23.7 MeV. S o AN
Here odd-even effect parameter was neglected The (n, @) reaction energy from (6) and (7) is o N
obtained as following - . . . . ;’: 001 \'.w' g Q-:: 0.01 \%‘\. .,,,,Ge .
—_— - - (3
0, =30+ A —(a-yy e Lo - (=2 ) f(4-22) (4-2240F ), ¥ Lo |® ;
A" (A-3)" A (a-3) L e, T NG
. “ET [ =0
where €q is the binding energy of a-particle. C=0.72 % .‘.'}\ K=36.0 '_'\
From (3), (4), (5) and (8) we can write following formula for the (n, @) cross section: . e K=37.2 1E-4 5 ios YT T ) '20
_ _ . “0.00 005~ 010 0.15 0.20 0.00 : (N-Z+0.5YA
o‘,.’;"'=271(R+7L)2exP(1:){—3a+ﬂAz’3—(A—3)m)+;{ 5, ((f ;l),z,) (4 :Z)z (A(:Z;;I)z}ea-t{,}(s») (N-Z+0.5VA
If we use designation . Fig.1. The dependence of reduced (n, @) cross sections on th; r:selat‘tiv;geMu:r‘t,m excess
Z-2)? parameter (N-Z+0.5)/A for neutron energy of 6,810, 13, 14.5 an
273 .
c= 2exp—{ 3o+ ﬂ(A“’ (a-37")+ {A"’ m]+s, —v,} (10)
and K= 5 (11)
@ .
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3. The Systematic Analysis of (n,cr) Cross Sections

The systematic analysis of known (n,) cross sections for E,=6, 8, 10, 13, 14.5 anq
16 MeV using formula (12) is shown in Fig.1. The values of parameters C and X fitted to *

experimental data are given in Fig.1, also. It is seen that theoretical line fitted to experimental
data is in agreement with known experimental (n, @) cross sections.
The values of the fitted parameters C and K for different neutron energies are given in
Table.1. It is seen that the parameter C is almost constant in the energy range of 6 to 16 MeV,
At the time the parameter X depends on neutron energy (Fig.2).

The value K=474 for E,=13 MeV lies higher than other points. If we except from
consideration '"®Sn and 'TAu isotopes, for which the experimental (n, @) cross sections are

very low, can obtain the values K=38.2 and C=0.59. Then, it is possible to fit by eq.(11) the

experimental points for K parameter (solid curve in Fig.2). Also, in Fig.2 are given the val

ues
of Oz and A which are considered and fitted as constants for all isotopes. :

Table 1. The parameters C and K for different neutron energies

E, MeV) K . C
6 58.7 0.31
8 524 0.60
10 44.7 0.49
13 47.4 (38.2) 1.26 (0.59)
14.5 37.2 0.72
16 36.0 - 0.60
1
60| O The values fitted to experimental data
K| for all isotopes.
55} ® The values without ''®Sn and *¥Au
O
50 |
i (o] K
45}
40} R*=0.98 . o
A=12017 [ )
35l Q,.=0.460.45

6 8 10 12 14 16E (MeV)

Fig. 2. The energy dependence of parameter K.
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4. The Comparison of Theoretical and Experimental (n,c) Cross Sections ;

The comparisons of the absolute values for theoretical (n,@) cross sections calculated
by statistical model with known experimental data at neutron energies E.=6, 8, 10, 13, lf‘r.S
and 16 MeV are shown in Fig.3. It was observed that statistical model formulae give
overestimated values for (n, @) cross sections at all energy points of neutfons. Moreover, the
theoretical (n, @) cross sections above the average experimental data 4:5 times. T!lfese results,
perhaps, are caused by the a-clusterization effect (a-particle fo'rmauon probabglgty)_ on the
surface of nuclei [8]. In future, we should chek this fact and consider the pre-equilibrium and

direct mechanisms contributions to the total (1, @) cross sections.
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Fig.3. The values calculated by statistical model and experimental data of 0

cross sections at neutron energies of 6, 8, 10, 13, 14.5 and 16 MeV.

161



Acknowledgement

This work was carried out in the framework‘of the “Nuclear Reactions” project. &

supported in part by Mongolian Science and Technology Foundation.

References

1. G. Khuukhenkhuu, Yu. M. Gledenov, M. V. Sedysheva and G. Unenbat. JINR
Communications, E3-93-466, 1993, Dubna. o

2. G. Khuukhenkhuu, Yu. M. Gledenov, M. V. Sedysheva and G. Unenbat. JINR
communications, E3-94-316, JINR, 1994, Dubna.

3. G. Khuukhenkhuu, G. Unenbat, Yu. M. Gledenov and M. V. Sedysheva. In book:
“Porceedings of the International Conference on Nuclear Data for Science and
Technology™, Trieste, 1997, edited by G.Reffo, A.Ventura and C.Grandi, p.934.

4. G. Khuukhenkhuu, G. Unenbat. Scientific Transactions, National University - of
Mongolia, 7(159), 2000, p.72

5. G. Khuukhenkhuu, G. Unenbat, Yu. Gledenov and M. Sedysheva. In book:
“Proceedings  of International Conference on Nuclear Data for Science and
Technology”, Tsukuba, Japan, 2001, p.782. ' )

6. J.M.Blattand V.F. Weisskopf. Theoretical Nuclear Physics, John Wiley and Sons,

New York, 1952.

D. G. Gardner and Yu-Wen Yu. Nucl. Phys., v.60, N1, 1964, p.49

Yu. P. Popov and W. L. Furman. I School on Neutron Physics, JINR, D3-11787,
1978, Dubna, p.390

% N

162

COMPLETE FILES OF NEUTRON- AND PROTON-INDUCED NUCLEAR
DATA UP TO 1 GEV FOR **pb, **Bj, 2°U AND 2*U TARGETS
Martirosyan J.M.", Grudzevich O.T.” , Yavshits S.G.?

1) INPE, Obninsk : )
2)Khlopin Radium Institute, St. Peterbur

Abstract:

Nuclear data for high projectile energies are needed to design an Accelera-
tor Driven System (target, material activation, heating, shielding etc.). The files
of evaluated neutron and proton nuclear data were created in ENDF-6 format for
the projectile particle energies from 20 MeV to 1000 MeV. The evaluated data
of the files are based mainly on the modern theoretical model calculations with
MCEFx code. Three mechanism of nuclear reaction were modeled in computing:
i) intranuclear cascade; ii) preequilibrium exciton multiparticle emission and iii)
statistical decay of excited nuclei. The experimental data available were used to
benchmark of the model calculation results. The data on neutron total and reac-
tion cross sections were used to create and to check the set of the optical model
g)arameters in wide energy region. The measured fission cross sections of 2®Pb,

®Bi, 2°U and 2*U by protons and neutrons were described without fitting prac-
tically.

The files contain total cross sections, fission cross sections, elastic scattering
cross sections and angular distributions, proton- and neutron energy-angular dis-
tributions. The benchmarking of the data evaluated was performed by the com-
parison of the results of the transport calculations against the measured neutron
leakage spectra from the lead sphere irradiated by protons of 660 MeV.

Theoretical model:

For characteristic calculations of nuclear reaction with intermediate (20 -
200 M>B) and high (200 - 1000 M3B) energy nucleons use a MCFx code [1] in
which the mechanism of nuclear reaction includes these stages:
Optical model.
Intranuclear cascade. o
Preequilibrium stage of reaction [2].
Equilibrium nucleus decay (statistical model), including evaporation of
particles, gamma-quantum emission, fission etc. v

At the first stage for the files creation the optical model parameter (OMP)
set for wide region of ‘projcctilc energies and for the target form **Pb to 2’Pu
was generated. We used ECIS code with relativistic corrections to calculate to-
tal, elastic and reaction cross sections. The experimental data available were in-
cluded into the model calculations testing. So KRI-2006 OMP set was prepared.

bl e
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V, = (48.65F15.2277)-(1-0.0052E) + AV, 10<E<80 MeV ' =
=(62.78F16.1677) -exp(-E/100) + AV, 80 < E <1000 MeV
1 =1.26, ap =0.626
W, = (8.88F6.067))-[1-1/(1+exp(~(E—40)/15))] 10 < E <1000 MeV
=126, a,=0535
W, =1+10/[1+exp(-(E~51)/10)}F 47 10 < E <80 MeV
=10.658+6.5In(E/180) F 47 80 < E <1000 MeV
1, =12, a, =0.666
V,, =10.72-exp(—E/160) 10< E<1000 MeV *
o =1.2, ag, =0.5 .
n=1-2Z/A and AVE=0.4AZ?,3

The examples of the comparison of experimental“data and results of calcu-
lations are presented in fig.1. It can be seen from the figures that generally
speaking all experimental data available in the library [3] are described reasona-
bly good simultaneously for wide projectile energy region.

10 ' r
] ®ph +n .
8_

g, barn
[+)}
1

Fig. 1. Total, elastic and reaction cross sections for the interaction of neutrons

with 2%pb target. The symbols are the experimental data, the lines are the results—

of optical model calculatlons

We have compiled and analysed experimental data from [3] on proton elas-
tic scattering angular distributions. It should be mentioned the information abun-
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dance for 2 Pb target for projectile energies from 20 MeV to 1 GeV. Different
author’s data practically in all cases are in good agreement. Typical descriptions
of experimental angular distributions for the intermediate energy are shown in
fig. 2. Agreement is good for angles to 30 degrees and bad for higher angles.
The discrepancies have no practical importance because the cross sections at
these angles are one million times lower then at forward angles, so they are
practically negligible. : ’

O Hutchean,80

10" ® Djalali,82
L 10° O .Lee,88
4 10
£ 107

400 MaB

200 M3B

10* 1 T T T T
] 20 40 60 80

angle

Fig. 2. Angular distributions of the proton elastic scattering on %P for
projectile energies 200, 300 and 400 MeV. The symbols are the experimental
data, the lines are the results of optical model calculations.

On fig.3-4 descriptions of angular distributions of the proton elastic scatter-
ing on *®Bi and 28U for different projectile energies are shown.
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Fig. 3. Angular distributions of the proton elastic scattering on **Bj for projec-
tile energies 55, 65, 78, 153, 340 MeV. The symbols are the experimental data,
the lines are the results of optical model calculations.
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Fig. 4. Angular distributions of the proton elastic scattering on 2*U for projectile

energies 20, 26, 65 MeV. The symbols are the experimental data, the lines are
the results of optical model calculations.

Fig.5 shows neutron total and reaction cross section for 28U target. Agree-
ment is good.
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Fig. 5. Cross sections for the interaction of neutrons with 2*U target. The
symbols are the experimental data, the line is the results of optical model calcu-
lations. e :

The next fig.6 demonstrates proton reaction cross section for 22U target.

- . i
2,5 _ 238 +p [
2,0- —-I
a 15 ' ,
- =g, Opt.poten.-KRI2006
b“ 1 A GL Bate[14]
1 0_ ® C.B. Fumer[15]
! * P.Krby[16)
< 2
051 S i
0,0 +—r ————rrr
10 100 1000
| E,, MeV

Fig. 6. Cross secﬁons for the interaction of protons with **U target. The
Symbols are the experimental data, the line is the results of optical model calcu-
EEE lations. ~ . ... :

Results:
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In the proposed scheme of calculation (MCP) of the intermediate and high 2

energy nucleon-induced reaction cross-sections at the preequilibrium Stage
which starts from various initial excitation and configurations, residual nucle;
have to transit to equilibrium, emitting nucleons.
MCP stages:
1. calculation of all preequilibrium characteristics of all possible nuclei ang
excitation energies for given initial composite system excitation
2. start/stop of ME solution (loop on the time)
3. loop on the (p,h) configurations
4. a random number is used to select one way of continuation: two particle
interaction or neutron/proton emission
5. after two particle interaction the system goes to more complicated con-
figuration and the calculation becomes to the step 3. ‘
6. if particle emission was realized a random number s used to select the
particle energy, the calculations go to the step 2 but with new initial data.

Thus, at sufficient amount of histories the spectra of preequilibrium parti-
cles and the populations of the residual nuclej being in the equilibrium state are
obtained.

The calculated by MCFx code energy distributions of the secondary neu-
trons for the 2m’Pb(p,xn) reaction at the different proton energies are demon-
strated in fig. 7 in comparison with the experimental data. No fitting was done.
The descriptions of all measured data are more or less good. ‘

10”5
> E J10°
2 160 MeV
% 10° 45 Mev
o
E nn 10
10' .
aQ
35 MeV 120 MeV o
. ° 3
o o
10 UL R SR S ae e s o | T T T T T T 10
10 15 20 25 30 35 40 45 20 40 60 80 100 120 140 160

E, MeV

Fig. 7. Comparison of calculated and experimental neutron spectra [4] for
20st(p,xn) reaction at 35, 45, 120 and 160 MeV proton energies.
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On Fig. 8-10 you can see the calculation results for reactions 2°9Bi(n,xp),
2Bi(p,xp) and 238U‘(n,xp) at various projectile energy after all stages of nuclear
reaction (INC, MCP, SM). We can see that the use of proposed model for calcu-
lation of spectra give us the results which are in a good agreement with- experi-
mental data [5-7]. « o
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Fig. 8. Spectra of proton for 2°9Bi(n,xp) reaction (INC+MCP+SM).

62MeV

10 20 30 40 50 60

E, MeV

Fig. 9. Spectra of proton for 209Bi(p,xp) reaction (INC+MCP+SM).
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Fig. 10. Spectra of proton for 238U(n,xp) reaction.(INC+MCP+SM).

: Conclusions:
We have generated and tasted complete data files in ENDF-6 format of
neutron and proton reactions to 1 GeV for 208Pb, 209Bi, 235U, 238U targets. = -
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~ p- and n-induced fission of %*Th and *¥U up to 200 MeV
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Abstract

The excitation energy and nucleon composition dependence of the transition from
asymmetric to symmetric scission of fissioning Th(Pa) and U(Np) nuclei is investigated
for the 232Th(n,F) & #2Th(p,F) and 28U(n,F) & 23¥U(p,F) reactions. The simulta-
neous analysis of the n+%32Th and p+23?Th data provides a further insight of the role
of pre-fission neutron emission in forming the observed symmetric/asymmetric fission
yields. The influence of the interplay of fission barriers and entrance channel effects on
the fission observables is shown to be different in case of n(p)+232Th and n(p)+238U
interactions. In case of p+232Th interaction the fissilities of Pa nuclei are responsible
for the higher value of the o(p, F) than o(n; F) cross section at 18< Eq(p) €100 MeV.
In case of 28U target o(p, F) > o(n, F) only at E,y 250 MeV due to the isovector
terms in real volume V and imaginary surface Wp potential terms. In case of 2327y
target the entrance channel (nucleon absorption cross section) plays a decisive role at
E,.(p) 2100 MeV.

1 Introduction

The excitation energy and nucleon composition dependence of the transition from asym-
metric to symmetric scission of fissioning nuclei could be investigated for the 2Th(n,F)
& B2Th(p,F) and #8U(n,F) & 28U(p,F) reactions at projectile energies E, up to 200
MeV. In these specific reactions the Th(Pa) and U(Np) fissioning nuclide properties could
be probed. The 22Th(n,F) and #2Th(p,F) reaction data represent a mirror-like cases, i.e.
for Z2Th(n,F) reaction there are precise cross section data up to E, =200 MeV, while the
data on the 2?Th(p,F) observed fission cross section are scattering quite a lot. At the other
hand, while there is virtually no data on the ratio of symmetric-to-asymmetric yields for
232Th(n,F‘) reaction, scanty data on the relative yields of symmetric and asymmetric fission
for Z2Th(p,F) [1, 2, 3] are available. S ‘

The 238U(n,F) data base is a bit more extensive. For 8U(n,F) reaction precise cross
section data up to E, =200 MeV are accompanied by the detailed data on the relative
Yields of symmetric:and asymmetric fission [4]. The theoretical analysis based on descrip-
tion of the observed fission cross section and the ratio of lumped symmetric-to-asymmetric -
Vields allows to infer the symmetric and asymmetric fission contributions of U nuclides with -
A <239, fissioning in a competition with successive emission of neutrons {5). The data on_
the 23(j( F') observed fission cross section are scattering a lot. In 28U(p,F) and #'Np(n,F)
l'f"a-ctions excited Np nuclei. undergo a binary fission in competition with successive emis-
1on. of pre-fission (p,znf) or (n,znf) neutrons. An independent theoretical estimate of the
" U(p,F) fission cross section, based on the 27Np(n,F) data description, might be obtained -
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" Figure 1: Fission cross sections of *8U(n,F) and 2*U(p,F). Measured data points for
B8U(p,F) only. o

: - The U and Np nuclides near the beta-stability line demonstrate mostly asymmetric fis-
sion, when induced by the neutrons with energies less than (n,nf) reaction threshold [7].
The contrlbutlon of the symmetric splits in that excitation energy range is never more than
a few percents [8, 9]. It is generally believed that with increase of the excitation energy
the influence of the shell effects diminishes and fission observables should be dominated by
the macroscopic nuclear properties. However, the pre-fission (pre-saddle) neutron emission
decreases the excitation energy of the ensemble of fissioning nuclei, which define the observed
fission ‘properties. That peculiarity may quite influence the competition of the symmetric
and asymmetric fission modes [10], decreasing the contribution of the symmetnc one. The
analysis [7] of the TK E — A distributions revealed rather fast increase up to ~0.5 at E, =200
MeV of the symmetric fission contribution S = ¢S5/(a5% +075) to the observed %3U(n,F)
fission yield. At excitation energies higher than (n,nf) reaction threshold the fission observ-
ables are composed of partial contributions of the ensemble of uranium fissioning: ‘nuclei,
- which emerge after emission of x pre-fission neutrons (up to z ~20 at E,=200 MeV) [6, 11].
. The neutron-deficient nuclides, especially those of Th or Pa, emerging in 22Th(n,znf) or

_23_'{Th(p,xnf) reactions,. might be more susceptible to symmetric fission even at relatively.1oW.

excitations [12, 13, 14]. Interplay of this trend and the decrease of the intrinsic excitation
energy due to pre-fission neutron emission, would define the Th fission observables at high
excitations. Symmetric fission contribution rSL = o5k /(o5E+0AS) in nucleon-induced fission
reactions of 32Th target nuclides may exhibit rather steep trends with energy.
In case of 22Th(n,F) or 2Th(p,F) reactions, since Th or Pa nuclei fission probabilities
are much lower than those of U or Np nuclei, the influence of preferential (n,znf) emissive
rd
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Figure 2: Fission cross sections of Z2Th(p,F) and »2Th(n,F). Measured data points for.
Z2Th(p,F) only.

fission contributions to the observed fission cross section is much more pronounced than in
case of U or Np targets [5, 15]. The simultaneous analysis of the n+ %*2Th and p+ ®*Th and
n+ 28U and p+ 238U data sets would be complementary and will provide a further insight on
the role of pre-fission neutron emission in forming the observed symmetric/asymmetric ﬁssx’onA
yields as dependent on the target nuclide fissility. Independent estimate of the 2*2Th(p,F)
reaction cross section might be obtained based on the consistent 2*Th(p,zn) and 2*'Pa(n,F)

data description.

2 p+%2Th and n+?#¥U interactions

The statistical model calculations of the symmetric/asymmetric fission competition in the
emissive fission domain are described elsewhere [5, 9, 15]. Calculated (n,znf) contributions
to the observed fission cross sections are largely defined by the level density parameters a;
and a,, for fissioning (f) and residual () nuclides [5], as well as the damping of the rotatlonal
modes contributions to the level densities

- p(U; J;m) = Keot(U) Kyis(U) pgp(Uy Jy 7). ==z 2im(1)

Nuclear level density p(U, J,) is represented as the factorized contribution of the quasipar-
ticle and collective states {16]. Quasiparticle level densities pg(U, J, w) were calculated with
a phenomenological model by Ignatyuk et al. [17], K,x(U, J) and K,;(U) are factors of the
Totational and vibrational enhancement. At saddle and ground state deformations factor
Km(U ) is defined by the deformation order of symmetry, adopted from the shell correction
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Figure 3: Emissive fission chance distribution of %?Th(p,F) (solid line) and 232Th(n F)
(dashed line) reactions, @; = a;(U, A).

model calculations [18], except outer saddles for the symmetric scission. For calculation of -

the fission probabilities of *3-*Th(?**-2U) and ®3-*Pa(**-*Np) nuclides we use double-
humped fission barrier model, since possible splitting of the outer fission barrier hump is
. not important in the present context. Damping of the rotational mode contributions to the
p(U J, ) was anticipated by Hansen and Jensen [19] at rather high excitations U > U,. The
dampmg might be different for the axially symmetric and triaxial shapes [20] ie.

(02 = )FW) +1, 0

K2P(U) = |
Kro?™U) = KZ(U)((2v2m0) — F(U) +1), @)
F(U) = (1+exp(U -U,)/d,)™. (4)

Here 0" a.nd 03 are spin distribution parameters (for other details see [5]). - The mass
asymmetry for the AS-mode at outer saddle doubles the rotational enhancement factors
as defined by'Eqs. (2, 3). The shell effects in level density are modelled with the shell
correction §W' dependence of the a—parameter as recommended by Ignatyuk et al. [17):
a = a(U) = a(1+ 6W £(T) /(D).

" The deformed optical potential describes the n-+*2Th(?**U) total cross section data up
to E, = 200 MeV [15, 21}. Prediction of the optical potential for the incident protons based
on the optlcal potential for incident neutrons needs decomposition of the real and imaginary
potential terms into isoscalar and isovector components [22]. For n+22Th(*8U) interaction
we lntroduced isovector terms, which depend on the symmetry parameter 7 =
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Figure 4: Cross section of 23U(p,n) and 2*Th(p,n).,

only in a real volume Vj and imaginary surface Wp potentlal terms [15]. Values of V5 and
W? for incident protons could be calculated as VE = V7 +2ay and W} = WD +267, @ ‘-— 16
and B = 8 values, obtained by the description of the proton and neutron scattenng data for
a number of medium weight nuclei [23). The predicted **Th proton absorption cross section
oh > o} at B, >50 MeV is compatible with the experimental data in the same way, as it
was shown for the p+2**U interaction [21).

The energy dependence of symmetric fission cross section a3k is defined by the symmetry
of the outer saddle of a double humped fission barrier. In summary, for neutron-mduced
fission of 28U it was found that rather thin but high outer barrier E corresponds to the
Mass symmetnc ﬁssmn in contrary to the lower mass—asymmetnc outer fission barrier E, B-
Actually (E7 ) = 3.5 MeV, independent on the neutron number N, was assumed for U
tuclides. ‘In the errusswe fission domain the observed fission cross section of 38U(n,F) and the

Tatio of symmetnc-to—observed fission yields rSL(E,) are described under assumption that

ore fissions come from the neutron-deficient U nuclei via (n,znf) fission chances with high
lumber z of pre-fission neutrons [5, 15]. Light charged particle (LCP) emission is assumed
to be negligible. In case of proton-induced fission of 2*U an independent estlmate of the
Observed fission cross section [6], based on the 237Np(n F) data’ deSCI‘IptIOD was obtained
(see Fig.1). The lumped contributions of symmetric 5% and asymmetnc ¥ fission cross
Sections are shown as well. The measured data on 238U(p,F) reaction cross ‘'sections are
Kattering [24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, at E, 230 MeV the theoretical estimate

ers essentially from the phenomenological estimate [35] based on the rough descrlptlon
of the measured data trend for pre-actinide and actinide targets. s
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Figure 5: Cross section of 23U(p,3n)?%*Np and %?Th(p,3n).

The #2Th target nuclide exhibits the lowest fissility among the actinide nuclides investi-
gated with the neutron-induced fission reactions up to E, =200 MeV. The observed fission
cross section of 22Th(n,F) reaction is reproduced up to E, =200 MeV also under assump-
tion that more fissions come from the neutron-deficient Th nuclei [5, 15]. The data on
232Th neutron- and proton-induced fission may provide a complementary information on the
evolution of the symmetric/asymmetric fission competition with increase of the projectile
energy. The situation with 232Th(p,F) data is a mirror-like, as compared with 2*2Th(n,F)
data, where precise cross section data are available [36, 37, 38]. The data on the %2Th(p,F)
observed fission cross section are scattering much more, than in case of 238U(p,F) reaction
cross section (see Fig. 2). The measured data on the symmetric/asymmetric fission yields
for E, =20-50 MeV, (1] and E, =190 MeV [2, 3] provide an unambiguous evidence for the
sharp increase of rSL(E,) at E' >30 MeV. There is also a strong evidence [13], that fission
of #3-*Pa and 2*-*Th nuclei (:z: =1+20) in case of 22Th(p,F) or 2*Th(n,F) reactions, re-
spectively, would provoke similar competition of symmetric and asymmetric fission events
for the incident proton/neutron energies up to 200 MeV. In case of 22Th(p,F) reaction the

measured data [24 27, 31, 32, 34, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55,_56];

" are scattering a lot and phenomenologlcal data fit [35) much ‘depends on the attributed ex-
perimental errors. An independent estimate of the 232Th(p,F) reaction cross section might bé
obtained, based on the consistent description of the 2*Th(p,n), ***Th(p,2n), #*Th(p,3n) and
232Th(p,F) data, while fission probabilities of 2°-232Pa nuclides are fixed by the 23_1Pa(n,F)
data descrlptlon

In case of nucleon-induced fission of *Th, after the pre-saddle neutron ermssmn the
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Figure 6: Cross section of 233U(p,zn) and #?Th(p,zn).

%W-aTh or 23-2Pa (z ~1+-20) nuclides contribute to the observed fission cross sections of
%2Th(n,F) or 2*Th(p,F) reactions, respectively. For incident neutron energies £, <20 MeV
the 232Th(n,F) fission chances partitioning could be defined quite unambiguously. Statistical-
model calculations {39, 40] consistently reproduce the Z2Th(n,F), #!Th(n,f), Z°Th(n,f) and
B2Th(n,2n) cross section data and prompt fission neutron spectra of 2*Th(n,F) reaction.
Figure 3 shows the dependence of the distribution of the emissive fission chances 2*2Th(n,xnf)/
¥Th(n,F) and ®2Th(p,xnf)/ 2 Th(p,F) at En( =50, 100 and 200 MeV for &y = 37(U, 4)
[5, 15]. The variation of the level density parameter (U, A) with excitation energy governs
the redistribution of the 22Th(n,znf) or 22Th(p,znf) fission chances contributions. In case

of 232Th(n,F) reaction that peculiarity plays a decisive role, since the fission probabilities of
Th nuclides are rather low, consequently, the lower mass (A <233) Th nuclides may con-
tribute appreciably to the observed 232Th(n,F) fission cross section. Dashed lines correspond
to B2Th(n,xnf)/ ¥2Th(n,F), while solid lines to the Z*Th(p,xnf)/ 2**Th(p,F). At En(; =50
Mev the peaks are at & ~3-4, at E,(;) =100 MeV the peaks are at z ~6-8, at Eyq,y =200
MeV the contributions of hxgher fission chances become overwhelming, peak shifts to z ~17
~for 22Th(p,F) reaction.:.In case of 22Th(n,F) reaction.the. distributions'at E, =200 MeV-

ecomes rather broad and skewed, while odd-even effects in the onz, 1/0nF ratios are much
More pronounced than in Gpzns/0pr in case of 2*?Th(p,F) reactions.

Figure 4 shows the comparison of the 2**Th(p,n) [1, 43, 50, 57, 58, 59] and %U(p, n)
27, 60, 61] reaction data descnptlons The 22Th(p,n) reaction cross section is only ~50%
1gher than 28U(p,n) reaction cross section, as opposed to the predicted trend by Tewes
® al. [43]. Figure 5 shows the comparison of the 2Th(p,3n) (1, 43, 50, 57, 58, 62, 63,
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Figure 7: Difference of fission barriers for symmetric and asymmetric splits.

64] and 238U(p,3n)?%*Np {27, 59, 60] reaction data descriptions. A three-fold difference of
the calculated cross section values in the peak region is supported by the precise data on
28U(p,3n)B5*Np by Ageev et al. [60] and by most recent data on 2Th(p,3n) by Celler et
al.[58] (see Fig. 5). In case of 22Th(p,2n) there is a two-fold difference of the calculated and
measured (50, 58] cross section values in the peak region, while there is no data available in
case of 8U(p,2n) reaction (see Fig. 6). s
The #*2Th(n,F) measured fission cross section data [36] could be reproduced only for
the fission chances distribution, corresponding to the preferential contribution of fission of
neutron deficient Th nuclides [15]. The ratio of symmetric-to-observed fission yields, for
232Th(n,F) cross sections in [15] was obtained based on the assumption that the difference
of heights of symmetric and asymmetric saddle points (Ef§ — Ef§) = 3.5 MeV [5, 15] is
independent on the neutron number of fissioning nucleus. That estimate is lower, ‘than
~5 MeV lowering of the reflection-asymmetric outer saddle for *?Th and 234Th, obtained
within a Hartree-Fock and BCS pairing approach by Bonneau et al. [65]. However, the
pronounced isotopic dependence of E7§ and Ef§ may be the case for Th and Pa nuclides
with A <226, i.e., the symmetric fission yield may have a tendency to increase for neutron-
deficient nuclides [12, 13, 14]. That leads to the increase of the symmetric fission yields in
B2Th(p,F) and »*2Th(n,F) reactions due to 32Th(p,znf) and #2Th(n;znf) fission reactions;
respectively, at E, ) =50-200 MeV. Figure 2 shows the sharing of the %2Th(n,F) observed
fission cross section to SL— and AS—modes when (E7§ — Ef§) =1.5 MeV for Th nuclides
with A <226, which is achieved by ~1 MeV decrease of Ej§ and ~1 MeV increase of E}‘BS
of outer fission barriers, as compared to the barrier values, used in [15]. This is generally
consistent with the outer fission barrier estimates by Ohtsuki et al. [66], based on fission

178

1.0 5 Zoler ol aL 1085 U TIE 5 T
L = Zoler st aL 1995, UM AATKE Z5hinr)

..... ZSBUM.F) ] .

~ 0BHT e 1

" |— ml’h(p,ﬂ {,‘_f——-.../ —

¢ [ N ®Hmip ) Chung et gl 1ees ;
P oela "’NKPPJM?&KMJN o
w% [ ’ L i.f
2 i ! . A
2 04} S -
[ / |
© 02f ’ 228 >
[ w28, Sehmidte.2. 2000 ]
| T 27, Schmdt 4 2000
= 2257, Poiossky ot al, 2000)

100
E oy MaV

Figure 8: Branching ratio r5C for 238Uj(n,F), 232Th(n,F); B2Th(p,F).

yield analysis for proton-induced fission of Th, U, Np, Pu and Am nuclei at E, =8-16 MeV
(see Fig. 7). The sharp increase of the **Th(n,F) lumped symmetric fission yield at E,
280 MeV (see Fig. 2) is due to appreciable increase of the #2Th(n,znf) contributions of
relatively low excited neutron-deficient Th nuclides. The predicted sharing into ¢5% and g:AS
is shown for the Z°Th(n,F) reaction. ‘ Y S
Figure 2 shows the sharing of the 32Th(p,F) observed fission cross section {24, 27,31, 34
41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56] to SL— and AS—modes, which is
compatible with the measured estimates of o5& and 077 by Duijvestijn and Koning {2]. The
estimate (EFf — EfS) =1 MeV is used for Pa nuclei with N <135, fissioning in 2Th(p,F)
reaction. The calculated OpF Cross section at E,=70-200 MeV is supported by the meésu;ed
;i;ta [31, 42] and (27, 43, 55] at lower energies. Fission probabilities of 23pa, 2Py and
P‘a nuclides are defined by the %3Pa(n,F) and B1Pa(n,F) neutron-induced fission cross
Sections description [67]. Most recent data by Smirnov et al. [56] appear to overshoot the
:alcPla.ted 2";’:Th(‘p,F) cross section. Fig. 2 shows, that the proton-induced fission cross
‘;Czt;;)n of #2Th is higher than that of neutron-induced at Enp) 218 MeV, while in case
?11 U target nuclide that happens only at Enp) 250 MeV [6] (see Fig. 1). That means
resCase'of p+%32Th .intera.ction the fissilities of Pa nuclei are relatively higher than those of
~secf‘ectxve Th nuclei for the n+22Th interaction; which influences the observed fission cross
o t}llm’l' at E,(;) <100 MeV. In case of 38( at E"@) 250 MeV the decisive factor is the sign
g e lsovgg:?tor terms in real volume V3 and imaginary surface W} potential terms, while
o a§e of #%2Th target the entrance channel .plays a decisive role at much higher incident
frgies B, 2100 MeV. The theoretical estimate of B2Th(p,F) reaction cross section differs

Ssentially from the ph i i ipti
ntial phenomenological estimate [35], based on the rough description of th
‘?leasured data trend. . & pron of the
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3 Branching ratio of symmetric-to-observed fission eventg

The calculated branching ratio of the symmetric-to-observed fission events r5L(E,) fo
232Th(p,F) reaction shown on Fig. 8, describes the increasing trend of the data by Croa]
et al. [68], reported by Chung et al. [1], in the energy range E, =23-57 MeV. The sharp
increase of 5L (E,) at E, =57-200 MeV is predicted, though on Fig.3 the decrease of bot}
oSk and o/} is evidenced. The branching ratio of the symmetric to observed fission eventg
rgL(E,,) for #32Th(n,F), shown on Fig. 8, is higher than that observed for the 238U(n,F)
reaction [4, 5, 39]. The calculated ratio r5* is much dependent on the (n,znf) or (p,znf)
fission chances distribution. Because the fissilities of Th nuclides with A <233 are lower,
than those of U nuclei with A <239, the contribution of the first few chances is lower iy
case of 22Th(n,F) reaction. That means the contribution of the fission reactions of neutron.
deficient %3-=Th nuclides with low intrinsic excitation energies would be relatively high,
That might lead to the lowering of 5L for the 22Th(m,F) reaction, but this effect could
be more than compensated, since for Th nuclei the relative heights of the symmetric and
asymmetric outer fission barriers (E§f — E7§), as was already mentioned, might change in
favour of symmetric fission contribution {12, 13, 14, 69, 70, 71]. The experimental estimates
of the branching ratios 5L for Th nuclides with A <226 by Itkis et al. [12], Pokrovsky et al.
[14] and Schmidt et al. [13] correspond to different excitation energies of composite nuclides.
Different contributions of emissive fission reactions to the observed fission fragment yields in
208Pp('80,f) reaction [12] and in peripheral relativistic heavy-ion reaction {13} would follow,
since the intrinsic excitations of the ensemble of fissioning nuclides also differ. The excita-
tion energies of the fissioning nuclides *Th and ??Th [13], shown on Fig. 8 (~11 MeV),
correspond to two-phonon excitation of GDR. The experimental estimate of the symmetric
fission contribution to the observed fission fragment yield in 2%Pb(*80,f) reaction [12] is
shown for the equivalent incident neutron energy E, ~20 MeV. Obviously, the contribution
of symmetric fission of Th nuclides with A <226 is rather sensitive to the value of fission
barrier splitting (Ef5 — Ef5). The estimate of the relative symmetric fission yield [3] for the
232Th(p,F) reaction amounts to ~0.715, which is quite compatible with the present estimate

for the **2Th(n,F) reaction. Figure 8 shows also the calculated contribution of symmet- |

ric fission events to the observed fission yield for the Th(n,F) reaction up to E, ~200
MeV. In case of 2°Th(n,F) the contribution of the neutron-deficient Th nuclei to the fission
observables is much higher, it seems to be compatible with the experimental estimates by
Pokrovsky et al. [14] and Schmidt et al. [13].(see Fig. 4). ’ ‘

Predicted increase of the symmetric fission yield, which becomes higher than that of the
asymmetric fission yield at E, >80 MeV in ®2Th(n,F) reaction, is due to the increased
symmetric fission of neutron-deficient Th nuclei.x

4. Conclusion

The influence of the interplay of fission barriers and entrance channel effects on the fissio?
‘observables is shown to be different in case of n(p)+??Th and n(p)+*®U interactions. In
case of p+232Th interaction the fissilities of Pa nuclei are responsible for the higher valué
of the o(p, F) than o(p.F) cross section at 18< Ep(; <100 MeV. In case of 38U target
o(p, F) > o(n, F) only at E, 250 MeV due to the isovector terms in real volume VB«
and imaginary surface Wp, potential terms. In case of 2Th target the entrance chann
(nucleon absorption cross section) plays a decisive role at Ep(, 2100 MeV. B
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.Independent estimates of the 2**Th(p,F) and #8U(p,F) fission cross sections are obtained
based on consistent description of available measured data base on n+%2Th and p+232Th’
a.nd_ n+2¥U(n,F) and p+28U(n,F) interactions, respectively. The description of the observed
fission cross sections up to Ep(; ~200 MeV was achieved under assumption of preferential
contribution of fission of neutron-deficient nuclides. The fission chances distribution was
obtained by the consistent description of the observed fission cross section and symmetric
fission branching ratio for the 28U(n,F) reaction. The measured data on the branching
ratio of symmetric-to-observed fission events for B2Th(p,F) reaction are reproduced up to
E, ~190 MeV. The branching ratio description is rather sensitive to the intrinsic energy
distribution of Pa nuclei, fissioning in Z2Th(p,F) reaction. Sharp increase of the symmetric
fission yield for the ***Th(n,F) reaction above E, >50 MeV is predicted due to the similar
behavior of Th neutron-deficient nuclides.
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Abstract

Neutron total transmissions and self-indication functions for natural Nb have
been measured at the 1000 m flight path of the IBR-30 using the neutron detector
with a battery of 3He counters. For this purpose metal disks of Nb with different
thicknesses and 80 mm diameter have been used. Total group cross-sections, their
self-shielding factors and self-shielding factors in scattering cross-sections have been
obtained by means of the subgroup parameters in the energy range from 10 eV to
200 keV. The experimental uncertainties are approximately 2-30%.

Also measurements of time-of-flight spectra from 1% to 15 multiplicities have
been carried out at 500 m flight path of the IBR-30. After a subtraction of back-
ground components and an usage of 233U like a “standard” radiadite capture cross-
sections for natural Nb have been determined.

Analogous values have been calculated by the GRUCON code on the basis of
BROND-2, ENDF/B-6.7, JENDL-3.2 and JEF-2.2 evaluated data libraries.

1 Introduction
The multigroup method is used for a calculation of reactor systems. In this case the in- ‘
vestigated energy region of neutrons is divided into some energetic intervals [1]. Neutrons
with energy range under study are combined into one energetic group. )
Interactions of different groups of neutrons with a medium are characterized by aset of
group constants. The most important ones are the average group effective cross-sections
and of other nuclear values. These values are averaged over a neutron spectrum in the
resonance energy region in the approach of constant collision density of neutron with a
nucleus and of an isotropic scattering. ) R '

.....The Fermi spectrum smoothed. over.resonances for-all energy-groups was chosen-as the——

"standard" spectrum: ¢o(E)=const. Then an averaging over the "standard" spectrum
might be presented as: A
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5 a(E)¢odE _
22 godE

The macroscopic cross-sections of the medium should be average(ti a;u:hnot te}(;?urs:cr;:
i i te elements or isotopes which are part of the :
scopic cross-sections of separa are part of the medium. 8
-secti f separate elements are determ
h approach group cross-sections o : e ‘
Zu:um I())? the toil cross-sections of all other elements included in the medium (Up). Then
group cross-sections are expressed in terms of og:

fglz a(E)dE : (1) .

<a>= fglsz

<a.
o(00) = 2H= @
<oi+op>

1
<ott+00>
1

or(00) = — %0 @

<at+oo>2
where: o, —effective total cross-section of investigated isotope depending on the e.ner)gy;
oo — constant, which does not depend on the energy, x = ¢ (capture), s (scattering),
fission). .
( The) values appearing in the expressions (2) and (3) are expresseg_ 111(1i ‘terr?sncéiizl:lz
integrals of the transmission functions Ty(n,E,7) and of the self-shielding

T,(n, E,n):

< 0zf(0¢ + 0g) >=< 0 > /Tx(n)e“"‘dn 4)
1 - / Ti(n)e ""dn (5)
<og+09> 7

1t _ /n x Ty(n)e™"dn, (6)
< gy + 09 >? :

where transmissions and self-shielding functions can be presented by following formu-

las:
)= g [ ™
&~ "dE
Ty(n) = % )

186

T g e g,
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TEKS

Figure 1: The experimental setup “I'EKS” and a system of resonance filters and colli-
mators: 1 - resonance filter, 2, 4 — collimators; 3 - filter-sample, 5 - shielding: paraffin

+ B4C, 6 - neutron counters, 7 ~ plexiglass, 8 — radiator-sample from Pb ( or from
investigated material), 9 — cadmium sheet.

The correction factors should be used in the determination of group cross-sections for

amedium with intermediate values of oy. These correction factors are called self-shielding
factors.

fuloo) = 72(00) _< Ozfor+ 09 > o 1

: 0

0z (00) Tﬁl-ap <ogp> ; ©)

ft(Uo) = 5:(00) — [ <ag-|1-oo> _ 0,0] % - (10)
M) G U <a?

2 The experimental setups

Measurements of time-of-flight spectra for the deter’rﬁination of transmission functions and
Deutron cross-sections have been carried out using the "ROMASHKA" [2] and "TEKS"
Setups on the flight paths of the IBR-30. =~ o Co ,
The "TEKS" setup is a neutron detector consisting of a cylindrical battery with 26
He counters. Counters are located on two circles into throughout channels of a cylinder
Made of plexiglass and are combined into 8 sections (3-4 counters in each section). Such
8eometry allows the corporeal angle of 2. All surface of the cylindrical detector’s frame
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Figure 2: The electronic block-scheme of the “TEKS” setup. |

are covered by a cadmium sheet with a thickness of 1 mm in order to reduce background
components from thermal neutrons. Owing to the moderator the neutron registration
efficiency is approximately 6 % in the broad energy region.

The neutron detector was placed on the 1000 m flight path of the IBR-30 during
measurements (see Figure 1). Plates from a mixture of paraffin and boron carbide were

installed around the detector setup to remove background components from neutrons -

scattered in the experimental room. More detailed information about the detector and
its characteristics is presented in paper [3].

Total transmissions have been measured when the scatter looks like a disk from metal
lead or another material contained carbon (with a thickness of 5 mm and with a diameter
of 50 mm) was placed in the center of the detector setup. A thin radiator-sample from
an investigated material was fixed into the neutron detector to measure self-shielding
functions in scattering cross-sections. ‘

The electronic apparatus of the "TEKS" setup consists of 8 channels (see Figure2).
Each section is connected to an independent spectrometric channel including preamplifier,
amplifier and discriminator to form standard signals. Then signals from 8 channels are
mixed in the standard mixer and enter to the multiplicity coincidence coder, time coder

and storage device into a measurement module with a PC. This schematic connection -
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Figure 3: The scheme of the experiment using setup with Nal(TI) crystals: 1 and.3
- collimators, 2 —filter to remove background _recycled neutrons, 4 — vacuum tube, 5 —
scintillation detector with Nal(T1) crystals, 6 — radiator-sample of Nb (or 238U).

allows two regimes of the 1nformatlon storage integral from all detector and differential
from each section. RN
To determine scattering cross-sectlons and self-shleldmg functions in scattenng Cross-
sections we used thin metal radiator-sample of Nb (with a diameter of 50 mm and w1th
a thickness of 0.0052 at/b) at the 100 % abundance of Nb. ‘
Also in order to obtain radiative capture cross-sections a metal disk of Nb (0.00743
at/b) was used like radiator-sample on the detector setup with Nal(TI) crystals (see

-Figure 3. Plates with thicknesses from 0.1 mm to 1.5 mm and with a diameter of 50 mm

or 80 mm served as filter-samples to determine the total cross-sections. Powder of U304
(99.9 % of %¥U) with a weight of 3.86 g (0.000498 at/b) and a metal disk of U238 (0.00121
at/b) with a diameter of 80 mm and with a thlckness of 0.25 mm were the "standard"
radiator. :

The IBR-30 power was momtored using two 3He counters placed at the distance of
70 m from the reactor. To reduce background recycled neutrons a filter from B4C (10
mm thickness) was positioned in the beam. To determine background components in
time-of-flight spectra resonance filters from Mn .Co and Al were installed in the beam.

3 Analy51s and some experlmental results

Application and fabrlcatlon of Nb has qulckly mcreased during last yea.rs That is ca.used
by a combination of its propertles such as ‘. : :

1. refractoriness,
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2. relatively low capture cross-section of thermal neutrons.

3. ability to produce high-temperature, superconductive and other alloys. For example, -

alloys of Nb,Os, zirconium carbide and uranium (235) carbide are very important
constructional material for solid-phase fuel elements of nuclear reactive engines.
Alloys of Nb and Ta or Zr are applied for the design of superconductive solenoids.

Neutron nuclear constants of Nb should be investigated further, especially radiative
capture cross-sections. In this respect we have carried out measurements of time-of-flight
spectra to determine transmission functions (T3), group total cross-sections, radiative
capture cross-sections and self-shielding functions in scattering cross-sections (T3).

To define these values some background components were subtracted from time-of-
flight spectra. Then the compression according to the BNAB constant system [1] was
done (ln%):0.77, where E)-upper limit of the investigated interval, Ez-lower one). Total
transmissions and self-shielding functions in scattering cross-sections were obtained by
the following way: >

Jag ¢(E) x €(E) x exp((—o(E, 0) x n) x dE
Jap9(E) x e(E) x dE ’

T,(n, E, e)theor —

Jap 9(E) x 0,(E,8), x exp((—o(E, 0) x n) x dE
Japo(E) x 02(E,0), x dE

T:(n) E, 0) =

Observed total cross-sections and their errors were defined from total transmissions
like:

—InT; i
AT: _ AT. 2 ATo/b 2
Z —J(—Ts P+ () ]

Ay l _AT? ;
ay P - 1- AT, , . (15)
o nxT;

where @(E) - neutron flux, ¢(E) — detector efficiency, o¢ ~ total cross-sections, n -~
sample thickness, E — neutron energy, 6 — temperature of the filter-sample, o9® — observed
total cross-section, o, — partial cross-section, o/b — opened beam.

Further total transmissions and self-shielding functions were approximated by a sum:

of exponential functions in conformity with the subsets method developed by M.N. Niko-
laev [4]. This method is used to estimate some effects of resonance self-shielding in the
energy region of unresolved levels. Then the resonance structure of different cross-sections
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Figure 4: Approximation of total transmissions of Nb: f ‘a: = par(1) x e~"*per(2) —
par(1)) « =), (@) = par(l) +a

into one group is simulated by the step function < o >= Zrak(ox), and the averaged
transmission is simulated by a sum of exponents < e >= ¥ "%,

In such ap;_xroach whatever averaged into group functional of the cross-section F(oy)
are presented like < F(o) >= ErarF(ok). It is necessary to set the subgroup parameters
ak, O to find this functional.

Bl}t the q'ue_stion about a physical sense of the subgroup parameters, about a possibility
_Of their prediction using averaged into group transmissions and other integral éxperiments
is kept opened. LT : ; k

1k
1
08 08 .
Nb i Nb

06 ‘ 0.6 | : )
- 2.15-4.65 keV O ~ 100200 keV

04 ‘ - o4}

02k ‘ S 02bk

0 1 1 1 /‘ 1 JI 1 L 0 1 aal - l‘ 1 ) 1 1 1 -
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Figure 5: Appr:()xixﬁatio‘ll/'(\)f ééif—shieldin functi \- F(2) = pe —ns ‘
g tunctions: -f(z) = par(1) * exp~"*rer(® 4 (1 —
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_Us.ually, two exponential functions are enough to describe transmissions and self-
Shleld;ng functions. Figure 4 shows the fitting result of total transmissions.
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Ti(n) = an x e " + (1 —ay) x e (16)

Tiz(n) = air1 X €2p(—0tz1 X 1) + Quzz X €XP(—04zp X 1) (17

The self-shielding function was fitted similar in a similar way to I:h'e ﬁt!:ing of I:o.tal
transmissions. Figure 5 illustrates the fitting result of self-shielding functions in scattering
cross-sections for two €nergy intervals. _ .

The subgroup parameters were used further to determine the real total cross-sections
and self-shielding factors in scattering cross-section.

<O >= 0y X 0y + Qg X 0 (18)

< Otz >= Qg1 X Ogz] + Qyga X Ogyeo, (19)

. g .
where: au, @1, @ = 1 —ay, G4z = 1 — ayy;—portions of subgroup cross-sections, oy;,
) ’ . »
012, 011, Ora—Cross-sections, x-possible process (c—capture, s-scattering, f-fission).
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Observed total cross-sections obtained from transmissions ("‘—nT‘) are plotted in Fig-
ure 6. The analogous values were calculated using the GRUCON code [5] on the basis of
the estimated data libraries JEF-2.2 [6], BROND [7], JENDL-3.2 [8] and ENDF/B-6.7 [9].
The experimental errors of total cross-sections are about 2-6 %. The experimental and
calculated data coincide with the exception of the energy range from 10 keV to 100 keV.
Especially significant difference are observed between'the experimental values and calcy-
lated ones of the JEF-2.2 library (which cross-sections are 20 % less than other ones).

As it was already mentioned the total experimental transmissions and self-shielding
functions in scattering cross-sections for each energy group were defined using the least-
squares method by a sum of two exponents. The subgroup parameters obtained from total
transmissions were used to determine group total cross-sections by the formula 18. The
real cross-sections of Nb defined using the subgroup parameters are presented in Figure 7.

As it is shown our experimental values agree within the errors limit (10 %) with data
of other experimentalists [10,.11] at the energy of 10 keV and higher.: The big differences
are observed in comparison with data of the paper [11] in the energy range from 1 keV to
10 keV. L NPT (R . TR

The subgroup Parameters extracted from the self-shielding functions in' scattering
Cross-sections were used to determine the sélf-shielding factors in scattering cross-sections.
According to the self-shielding factors determination ft and f; validated in paper [1] they
can be written down as a ratio of areas under the curves of total transm

issions and self-
shielding functions or by means of the subgroup parameters,: : ’

J2 Toemoogn,

ft(Uo) =

I » 9
PTmemndn )
o a . ’1 : -
fi(oo) = [ 21470 ¢7¢2-'il-00 _aoJ x ) (21)
. (Untfi-vo)! + (0ea+00)2 <ot >
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Ozl 4 G2
f (0. ) otz1t+00 Otz2+00 (22)
z\Vo) — as a2 ]
(ca+00)? ' (ow2+00)?

rae: og—the total cross—sectlons sum of all other elements included in the medlum
(counting on one atom of the investigated elements or isotope). ‘

The self-shielding factors in the total cross-sections are shown in Figure 8 for differ-:

ent dilution cross-sections. Also the self-shielding factors in scattering cross-sections are
presented in Figure 9.

As it is shown from Figures 8, 9, stronger shielding is observed in total cross-sections

and scattering cross-sections in comparison with an estimation for the region of low energy
neutrons. Whereas the resonance shielding is weaker in the region of high energy neutrons.
The experlmental errors of the self-shielding factors are approximately 5-30 %.

In addition to the total cross-sections and self-shielding factors the radiative capture
cross-sections were determined using the gamma-quanta detector. These values were
defined by a normalization at the well known standard cross-sections of ?**U. Then after
the subtraction of background components from time-of-flight spectra and a usage of

thin standard radiator-samples under investigation radiative capture cross-sections can

be written down by following relation:
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v MY xSV xn¥ x NN

Nb_
<O >"=< 0> MPb 5 SNb N 5 NU (23)
AU.’:‘"’ = \l NMb [AU” +‘7U(AN"NU + le;,b )] ( (24)

where M Un M Nb_monitor coefficients for 238U and:Nb, SY u S¥°- areas of radiator-
samples, n¥ and n™*-thicknesses of radiator-samples, eV (E) and eV "—reglstratlon efficien-
cies of y—quanta, N.—count per channel in the defined group. . ¢

Here it was supposed that the registration efficiencies of gamma-quanta are constant.
As it is evident from Figure 10 the experimental and calculated data agree within the limit
of the systematic errors. At the energy }ugher than 1 keV (except for the energy group
2.15-4.65 eV, where our experimental value coincides with the paper [12] the experlmental
data are systematically lower than the other experlmental values [13, 14] '
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Figure 10: The experimental and calculated group radiative capture cross-sections of Nb.

4 Conclusion

The experiment has shown that stronger resonance shielding are observed in the total
and scattering cross-sections for Nb in comparison with the estimated values in the hlgh
energy region (more than 10 keV). To understand this phenomenon we are planning to
continue our investigation at the better energy resolution and lower background.
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SEARCH OF ?Be CLUSTER STATES IN THE CHARGE
EXCHANGE REACTION FOR CARBON

" Skorkin V.M.

Institute for nuclear research of RAS, Moscow, Russia
117312 Moscow 60-th October Anniversary prospect 7a.

Clustering is a relatively widespread phenomenon. The study of halo systems and
clustering in light, neutron-rich nuclei are discussed through illustrative examples taken
from the nuclei of ®He, °Li, ®Be, 1°Be, '2C [1-3]. The excitation of collective resonance
states of light nuclei has received considerable attention recently. In the spectrum of
the carbon photo-nuclear reaction can see the high excited 1~ and 3~ o- clustered
states of '2C with isospin 7T=2 [4].

- Cascade model of inelastic interactions of nucieons with light nuclei describes the
experimental data for nucleus of 'C at energy above 50 MeV with an account of 30%
a- clusterization [5]. ,

In processes of the clusterization of nuclear substance in light nuclei, the special
role belongs to the nucleus of ®Be. Through this condition state a lot of o- particles, as
fragments of all inelastic interaction reactions, are formed [6]. The calculated
probabilities of formation of the ®Be nuclei at the fragmentation of the relativistic nuclei
9B, '2C, ®*0 equal 20%, 25%, 30%  accordingly. This calculation is confirmed
experiment. In o-particles spectrum were registered from the metastable states of *Be
with even moment, positive parity and energy up to 17 MeV [4]. '

The nuclei of C, '?B, "?Be have double analoges states with isospin T=2 (fig.1).
Therefore nucleus of 2Be should be has the high excited o- clustered states.

12 239 1- 38.8 _
o1___ 8 3 sy (2
5.7 . - 33.5
4.6 - 32.3
—_——— ———— 312 2
2.7 15.5 30.3 T=2
2.1 2+ 148 2+ 29.7
0.0 o+ 127 0O+ 276 0+
. T=2
12Be
00 1+ 151 1+
=1
128
0.0 o+
—_— T=0
42C

Fig. 1. Double analoges states of the nuclei of °C, '?B, '?Be.
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The nuclei of ?Be* can decay through formation of the ®Be nuclei and multineutron
cluster 4n. . . ; ; e e

In a recently reported experiment [7] events. were observed that exhibit the
characteristics of a multineutron cluster liberated in the breakup of '*Be, most probably

- in the channel °Be+4n. The nucleus Be is strongly bound and the four neutron

separation energy for *Be is only about 5 MeV with respect to the “Be —'°Be + 4n
breakup. .
The technique is based on the breakup of beams of very neutron-rich nuclei and the
subsequent detection of the ‘recoiling proton in a liquid scintillator.' The method has
been tested in the breakup of intermediate energy ~30-50 MeV/nucleon ''Li, "*Be, and
5B beams. Some six events were observed that exhibit the characteristics of a
multineutron cluster liberated in the breakup of '*Be, most probably in the channel
'°Be+ 4n. The lifetime of order 100 ns or longer suggested by this measurement, would
indicate -that the tetraneutron is. particle stable. Alternative experiments such. as
(°He,4n) and (®He,4n) are proposed to search for the tetraneutron [8-9). ... . o
It is pointed out that from the theoretical perspective the two-body nucleon-nucleon
force cannot by itself bind four neutrons, even if it can bind a dineutron [10]. - ..
The energy behaviour of the eigen phases, studied in .Ref. [11] within the
hyperspherical functions method (HSFM), led the authors to the conclusion that the
tetraneutron may exist as.a resonance in the"four-body continuum at an energy of
about 1-3 MeV (fig. 2). Nuclear Hamiltonians that provide a good description

4 .
"'IIIIIIIIII'IIIIIIIII'llllI ‘

]

2

{H) (MeV)
A

P Y« N AT R :
12535 3 3 )  E—

¥y (MaV)
Fig. 2. Energies of 4n in external wells versus the well-depth parameter Vy. .
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of nuclei up to A= 10 and accurate Green's function Monte Carlo calculations by using
the Argonne potential (AV18) and including two- and three-pion exchange NNN poten-
tials. A series of -model Hamiltonians (the lllinois models) were constructed that
reproduce energies for A=3-10 nuclei with errors of 0.6—1.0 MeV.

In this work is Presented search of “Be clustered states in the charge exchange
reaction 3C(n, 2p)'?Be’. The nuclei of '2C and '?Be have double analoges lower states
and therefore 'C* and '°Be* should be has the a similar e- clustered structure high
excited clustered states. The o- partxcle separatron energy for ?Be and ?C and is 8.93
MeV and 7.37 MeV accordlngly The '?Be is magic nucleus. The neutron separation
energy for '?Be and ®Be and is 3.17 MeV and -0.51 MeV accordingly. The neutron
separation energy for ®He and °He is and 2.57 MeV and -0.1 MeV accordingly. The
proton separation energy for °He, ®Be and '?Be is "~ 20 MeV with distinction only about
15%. There is a similar a- clustered structure of the ®He, ®Be and 'Be. In the excited
states spectrum of "2Be should be the high excited o- clustered states of ®He and °B
with energy up to 30 MeV. In the excited states spectrum of ®He is states F=3" wrth

energy above 7 MeV. .
The reaction '*C(n, 2p)'?Be” is quasi-elastic knockout 2p out of 1py subshell. The

cross sections of the *C(n, 2p)'?Be reaction equals 1mb [12] (fig. 3). The '*C(n, p)X is

background reaction.

1000
100"//—
K] )
p —-13C(n,2p)12B
g 101 —13CE:'p§’))( °
k= ' ’
[72]
1-
0,1 +—r—1r-—"r-r—r—Tr"—"r"r"—""T"T"T"T"TT T
30 40 50 60 70 80 90 100 120 140
" E, MeV

Fig. 3. The cross sections of the '3C(n, 2p)'?Be and *C(n, p)X reactions [12].

The yield energy of the '3C(n, 2p)'?Be reaction is = 25 MeV. The four neutron

separation energy for '?Be is ~ 10 MeV. Therefore neutron energy should be above 40
MeV for ?Be* —°Be + 4n breakup observation. Excitation energy of '°Be* should be
above 10 MeV at neutron energy about 50 MeV. The cross sections of the '*C(n, p)X
reaction equals 70 mb at energy about 50 MeV.
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The *C(n, 2p)*?Be’ spectrum at (10-20)° has the prominent transition to the analog
of excited states. In the 15° spectrum of '*C(n, 2p)""Be can be observed the '
o clustered excited states of '?Be*. >

In this work we present registration of 2p from 13C(n, 2p)‘zBe reaction and o deca¥
of the excited clustered states of '?Be*. Impulse neutron source (intensity up to 101
n/s) used for these studies is based on the proton Linac and the FtADEX

Beam Stop. The proton beam (average current up to 100 pA, energy above 300 MeV
and beam pulse repetition rate up to 100 Hz) irradiate tungsten target of the RADEX
Beam Stop. The neutron beam is obtained from spallation reaction_at 0°, collimated
overa10m flrght path into a scattering chamber. The spectrum of the impulse neutron
source has maximum about 50 MeV. The fast neutron flux on target (over 5 cm wide by
5 cm high) is above 10" nrem™2s™", The target used for |rrad|at|on are carbon disk (90%
3C),1gmass. o

Scattered charged particles are detected in AE-E telescopes with AE being
measured in Si surface barrier detectors and E in Nal detectors. Three parameters E,
AE and time-of-flight (TOF) for each telescope are stored event-by-event. TOF and AE-
E telescopes are used to select events regrstratron of p, 2p and other charge particles.
Energy resolution is ~1MeV.

The yield of the '*C(n, 2p)'*Be’ reaction is about 2 decay/pulse for the proton beam

wuth current up to 50 pA and beam ;Julse repetmon ‘rate 50 Hz. The nucler yield of the

'2Bg, 2B and B in the 13C(n 2p) °C(n, np)'?B and 13C(n p) B . reactions is
shown in fig.4. . ;
1,00E+01
@'
2 1,00E400 4
-l
o
= -o-12Be
3 —12B
o, —a-13B
©
S 1,00E-01
=
B S e o L U—
30 40 50 60 70 80 90 100 120 140
E, MeV

Fig. 4. The yield of *2Be, '?B and "*B.
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_ The '?Be, '?B and "B have a half-life of 21 ms, 20 ms and 17 ms accordingly. The
nucleus of 12B decay into 3a- particles (1.5%). This is background for a- particles
registration from for '?Be* 20 + 4n breakup.

The vyield of multineutron cluster 4n is 0.05 4n/pulse on the assumption 1%
probability of the '?Be* —%Be + 4n reaction. a-particles from "?Be” decay should be

detected between beam pulses. Count rate is ~1s7! .

o-particles and multineutron

cluster are detected in a liquid or plastic scintillator.
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APPLICATION OF AN ELECTRON LINAC OF THE IREN FACILITY
FOR MULTIELEMENTAL PHOTON ACTIVATION ANALYSIS AND
PRODUCTION OF RADIONUCLIDES

Baljinnyam N., Belov AG! Ganbold G., Gangrskii Yu.P.%,
Gerbish Sh!, Maslov O.D.2, Shvetsov V.N.!

— Frank Laboratory of Neutron Phystcs, JINR Dubna, Russia
— Flerov Laboratory of Nuclear Reaction, JINR Dubna, Russia
— Nuclear Research Center of NUM, Ulan-Bator, Mongolia

Abstract.

The possibility to develop multiclemental activation analysis and production of some
radionuclides widely used for the nuclear medicine, radiobiology and ecology monitoring at
the linear electron accelerator (E.- =200 MeV) of the facility IREN (FLNP, JINR) are
considered.

Based on the experimental data obtained at low energy (E.-<30 M3B) electron
accelerators as well as the microtron MT-25 (FLNR, JINR) with the power 0.5 kW, are
estimated photonuclear reaction yields for some radionuclides for the linear electron
accelerator (E.- = 200 MeV). :

Technical parameter of the linac will be as follow as:

the electron beam current 3A in 100 — 250 nanosecond impulse and frequency 50 or 150Hz,

that means the electron beam power -1.5 kW in the target. Expected photonuclear reaction
yields for some radionuclides are calculated from the expenmental data of the microtron MT-
25 (FLNR, JINR).

Keywords: linear electron accelerator; photo nuclear reaction; yields of radionuclides;
specific activity; bremsstrahlung target; multielemental photon activation analysis.

Introduction
The project of the new Intense Resonance  Neutron, pulsed source (IREN) for

fundamental and applied nuclear physics is being realized in JINR, Dubna [1]. This source is
an upgraded variant of the existing. IBR-30 pulsed booster and consists of.the 200 MeV
electron linac. W.LLFURMAN has presented first “Current status of the IREN pro_|ect in
ISINN-5, 1997, Dubna [2]. . :

At last, this project has been released after 10 years and is expected to be obtain. the
electron beam in the first part of 2008.

This presentation will try to give some information on the possrbrllty of apphcatlon of the
Bremsstrahlung beam of - the LEA - 200 linac of the IREN facility.

Accelerators

The methods of multielemental photon activation analysis (MPAA) and radionuclide
production will be developed at the LEA-200 of the IREN facility, FLNP JINR.
Some technical characteristics of the LEA-200 are as follows: . .
~ Maximum Energy of Electrons - 100 MeV after the 1% modulator,
- And - 200 MeV after the 2° modulator;
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— Peak current -3A;
— Pulse frequency -50 or 150 Hz;
~ Electron burst w1dth (FWHM) -100or 250 ns.

A water cooled platinum or tungsten target has been used for the Bremsstrahlung
converter. The proposed construction of scheme of the Linac Bremsstrahlung target of the
IREN facility, which must be constructed in FLNP JINR, is shown in Fig. 1.

The temperature on the surface of the Pt or W disk of the target must be lower than ~900
°C [3].

Pt,or W

Fig.1. Proposed scheme of a Linac’s Bremsstrahlung target of the IREN.

The preliminary methodical investigation was carried out on the cyclic electron -

accelerator Microtron MT-25 of FLNR, JINR. The Microtron MT-25 was used as the
bremsstrahlung source to determine the experimental photonuclear reaction specific activities
and yields.

The 0.5 kW power irradiation targets of the Microtron MT-25 were operated with the
electron beam -15 pA current and 23.5 MeV energies. The results of methodical study are
given in the - present work.

1. POSSIBILITY OF TIN-117m PRODUCTION

At present the requirements for an acceptable radionuclide are still considerably high.
The nuclear reactors and cyclotrons are mainly used for the radionuclide production [4,5].

However, they are not able to produce all the required types of radionuclides,
therefore, electron accelerators such as Linac and Microtron, that can produce radlonuclldcs
using the bremsstrahlung, are suitable complements [6-9].
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Propeﬁies of the radionuclide '"™Sn are acceptable for clinical and therapeutic use:
the short half-life of 13.6 days is necessary to minimize the patient exposure, the gamma
emission of 158.4 keV (84 %) photons for imaging, and low energy (127-129, 152 keV).
Auger and conversion electrons with abundance (116 %) for delivering a high radiation dose
to sites of a bony metastatic disease [4,5]. .

1.1. EXPERIMENTAL

To estimate the activity and zlcld of the '""™Sn production, the natural pure tin
(0.7677 and 0.1635 g) and enriched !'*Sn'(98.5 %) isotope (30.4 mg) have been irradiated at
the Microtron MT-25 in Dubna, FLNR, JINR by the bremsstrahlung beam of 23.5 MeV with
the current of 14.5 pA during several hours at the radial distance of 6 cm from the tungsten (3
mm thick) target. For determination of photonuclear reaction yields of Sn isotopes two
experiments have been carried out: the 1* one-the samples are pure Sn granules (0.767 g)
and pure gold foil monitors (Aul-1.8mg; Au2 - 2.1 mg; Au3 - 3.2 mg and Au4 - 2.5 mg); the
2™ one - the samples are pure Sn granules (0.1635 g), enriched !'®Sn (98.5 %) isotope (30.4
mg), pure gold foil monitors (Aula - 3.4 mg; Au 2a - 3.9 mg; Au 3a - 4.0 mg; Au 4a -3.6
mg), pure Zr foils (Zr 1-5.9 mg; Zr 2-5.0 mg) and pure Mo foils (Mo 3-6.1 mg; Mo 4 - 5.4
mg).

Activity of the irradiated natural tin, ®Sn enriched samples’ and monitors were
measured by HP Ge detectors of the gamma spectrometer of FLNP, JINR with the energy
resolution of 2 keV at gamma lines of 1332 keV for Co - 60. To monitor the flux for
bremsstrahlung of electron energies of 23.5 MeV with the current of 14.5 pA, pure metal
foils of Au, Zr and Mo have been used. Gamma lines of the radionuclide, which must be
detected from samgles and monitors have been given in Table 1 and level scheme of the
s1mp1e energy of '""™Sn has been shown in Fig.2. From the decay scheme one can see that
11'mgh is not a beta emitter; it decays by isomeric transition with the emission of abundance
(116 %) of conversion electrons (M4) and the gamma line (M1) of 158.4 keV (84 %). The
radionuclide of this class is therapeutically and diagnostically useful in skeletal imaging and
for the radiotherapy of bone tumors and other disorders.

From the measured gamma spectrum data the experimental photonuclear reacuon activity and
yield (see Fig. 3a, 3b.) have been determined for radionuclides *""™Sn and '"'In.
Their experimental values are shown in last columns of - Table 1. !

Table 1. Nuclear data of TIN Radioisotopes and experimental
values of specific activities and yields.

Radio- | poin | Inten T Reae- Abun- | opecific
nuclide E, -sity Rcéction tion | dance of Al::(:ivity B Yields,
and 'ke\’/ % , : Ey, | target, Bg/m " | BenAmg’
half-life MeV % 4/mg ,
img R ‘l‘;Sn ) | 032 757 ,
1364 | 1584 | 840 | "Sn(rm) | -9.65 | 24.01 2.0E+4 1.0E+3
| ] 1980 (y,2n) | -16.13 8.5
"Sn 118
1364 | 1584 | 840 Sn(y,n) | -9.65 98.5 8.8E+4 6.0E+3
MIn - [ 1713 [ 910 | 12 1.9E+5 1.3E+4
2.83d | 2453 | 940 |  SRP) | -T73 | 095 | oGpo | 4R
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Fig. 3a. A part of radioisotope spectrum of the irradiated
natural pure Sn granule (163.5 mg).
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Fig. 3b. A part of radioisotope spectrum of the irradiated

enriched ''*Sn (98.5%) foil (30.4mg).-

2. MULTIELEMENTAL PHOTON ACTIVATION ANALYSIS

In recent years the photon activation analysis has been explained as one of useful
analytical tools for the determination of trace amounts:of a' number of elements in the
periodic table [10-15].".The important developments are nondestructive multielemental
determinations in complex matrices of current interest such as geological, . biological and
environmental materials. The sources of high energy.photons or bremsstrahlung of the linear
electron accelerators have preferably been selected for photon activation analysis and '
radioisotope production.” "~ . S e R :

The advantages of electron accelerators - are their relative cheapness, a possibility of
wide-range adjustment of particle energy and intensity, and control within certain limits over
the spectral’ and geometrical ‘parameters of the secondary radiation (bremsstrahlung  or
photons and photo-neutrons). They are operated at relatively high currents and the energies of
the beam are easily varied. Therefore, at present an increasing interest has been shown in the
use of these facilities in different areas of nuclear technologies traditionally based on the use
of reactors and heavy - particle accelerators. Sensitivities well below 1 Mg are obtained for
many elements, and the emphasis is put on the determination of the elements such as carbon,
nitrogen, oxygen, fluorine, nickel, cadmium and lead having nuclear properties unfavourable
for the thermal-neutron activation analysis. -~ .~ L ¢ :

In addition, severe difficulties due to the sample self-shielding are encountered when
a mixture to be analyzed contains substantial amounts of elements with large thermal neutron
Capture cross-sections. In. this- case -the photon. activation analysis -is found ‘to be very
promising [15-17]." - o ' PR ’ DU

A general feature of the photon absorption cross-section for a nucleus is characterized
by a peak 5-6 MeV wide at an energy located between the photo-disintegration threshold and
about 30 MeV, and in-this energy region the main nuclear events are the emission of one
neutron or one proton.. T o R e el

A considerable amount of work has been done in the past on the determination of the
(¥,n), (,p) and (y,0) reaction yields for many elements with the bremsstrahlung pfoduf:ed by
20 MeV eléctrons. ST : : .
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Since the yield is a function of the photon energy, it should be noted that higher
sensitivities can be expected from an accelerator giving the bremsstrahlung of higher
maximum energies, however, this gives rise to more complex events.

A part from the reactions described above, those with the emission of two or more nucleons
become important, thereby causing difficult interference problems in photo-activation
analysis. A basic problem in the photo-activation analysis under such conditions is, therefore,
the necessity to investigate the production rates or yields of various photonuclear reactions
induced simultaneously in a sample to be analyzed, over the energy range of the given

bremsstrahlung. It should also be mentioned that the production rates of those reactions -

depend on a specific target-sample configuration used for activation.

The work described here has been undertaken in order to evaluate the potential for
determining trace amounts of many elements by inducing the (y,n), (y,p) and (y,0) reactions
with the bremsstrahlung from the electron accelerator for the IREN facility, which is
constructed in FLNP, JINR at Dubna, and by detecting the resultant activities by gamma
spectrometers with the high purity (HP Ge) germanium detector.

Noble and high-purity metal analysis is still of interest and is developed using the
bremsstrahlung beam of a linac to certify reference materials by Ch. Segebade et al.:(J.
Radioanal.Chem.Vol.49, No.1, 1979, 95-102.)

Some results of the experiments on noble and high-purity metal analysis carried out

using the microtron MT-25 are given in Tables 2 and 3. The detection limits determined by L.

A. Currie on microtron MT-25 are given in Fig. 4 [18].

Table 2. Results of photonuclear reaction for noble metals

Ele- . . Yields, Sensiti- v'
ments Reaction Half-life Energy, keV (Brg/g;;A vity, pg
“Ru (v, n) ”'Ru 2.88d 215, 324 1.49E+4 0.1
Ru Ru(y,n)'®Ru | 39.6d 496.9, 610 9.92E+4 0.01
“Ru (y, p) Tc 20h 766,948, 1074 | 3.72E+4 1.0
h LR, 20)°"Rh | 4.3d 306, 545 5.88E+3 10.0
1°Rh (v, n) “Rh | 2064 | - 475, 628,1103 3.36E+4 1.0
19pd (v, n) TOpd | 13.5 h 88 3.33E+4 1.0
Pd | ™pd(y,p)Rh | 359h 306 5.15E+4 1.0
102pq (v, p) ®"™Rh | 4.3d [ 545 4.12E+4 1.0
U YT 2n) BAg | 40d 280, 344 4.08E+3 10.0
TAg (1, 0)"Ag | 8.5d 450,616,716,1045 | 3.76E+3 | 100
e ®r | 11d4 | 187 372'0‘;07' S18, 1 1.6E44 0.01
I ¢y, n) 190nIr | 3.2h 502 11.6E+4 0.01
| Pha.n)Pr | 7424 316, 468 8.96E+4 0.01
205 (v, n) *'0s 15d 129 7.64E+4 0.01
Os [~ 186 TS5y
Os (¥, n) 'P0s 94 d 646 1.46E+4 0.1
Pt %pt (v, n) "t | 4.1d 98,129 1.72E+4 0.1
~ P2pt (v, n) PPt 3d 409, 528 1.37E+3 1.0
Au Yau @y, n) ®Au | 6.18d 333, 356 7.89E+4 0.01
208

Table 3. Results of hotonuclear reaction for some high-purity metals

xil;;s Reaction l-{;.l:.' Energy, keV (BqY/l:Xi:;g) Sen;;tg'lty,
Col Scuwm®cu’ | 1270 1345 3.58E+4 10.0
?’ Yzt (r,n)¥zr | 7841 909 6.17E+4 01
Mo | Moy, m)®Mo | 66h 140, 181 5.65E+4 1.0
S "%Sn (y,n) """sn | 13.6d 158 543843 | 100
" n,p) ' | 2.83d | 171,245 55TE+4 10
Ta [ 1oip, ¢ gy 18mp, | 8154 93,103 6.04E+4 ol

Fig4. The chenucal elemems determmed usmg the elcctron

accelerator mlcrotron MT =25 a.nd detectxon limits.

1 2.0E-8

OE-

JlauTaHouabLl

Note: *- rad

B - Eements determined by track method using photonentrons.

liochemical method
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) Discussion and Conclusion it7m X i Table 4. Some Radionuclides, Gamma-Ray Energies and Intensities, which are used commonly for
Results of these experiments have shown a possibility of the Sn ra(}lonucllde; . Routine M}lli lemental Instrumental Photon Activation Analysis {16,17].
i ir i rgy electron accelerators. In case o El Nuclid Half life Energy, (keV) and Intensities, % M
production using the bremsstrz‘xhlung'lo_f high exﬁ‘lgy on b ced. o N2 26y 600 5
irradiation of the natural pure tin, radioisotopes =~ Sn and *"'In have been produced, e N4 5T AN YD) b
which both are useful for medical purposes. ) . Tl Cl-34 Pm 145.7 (36); 2128.5 (48) 2
The experimental yield of photonuclear reaction is 6 times higher than when an K K-is Z.64n‘; . 2166.8 zgw) . 2
enriched ''%Sn (98.5 %) isotope is used in the target, and from the gamma spectrum in Ca %.-437 2:153 d ~ g & (‘;)2,);1612.?6(5 )5) b.cc
Fig. 3a and 3b one can see the gamma line of 1151515.4 keV of only one r‘adxonuchde — S—ad o n 1157 (100) A
17mg The photonuclear reaction yields of the '''In were compared with the data - Sc-46 84d 889.3 (100); 1120.5 (100) d
determined in other works [6-8) and they have sufficient conformity. o = g - ;:: 4237.677 : 893.3 (100); ;(2)(3)72.4 ;9;); 1311 (100) 3
The isomeric ratio of "™Sn was estimated frlo?gl\the experimental data of activities o Sl L aad 3203 ((100)) d
of 158.4 (""™Sn); 391.7 (**™Sn) and 1089 (*®Sn) keV energy gamma lines. The Fe Mn-56_| 2.58h 846.6 (99%; 1811.2 (30) a
isomeric ratios were estimated and determined to be 0.15 and 0.44 for the Co Co- 58 70.78 d 810.6 (99) d
radionuclides 1*Sn, '2Sn, correspondingly : Ni Ni-57 36h 127.3 (13); 1377.5 (85) b
clid ' > 11 . N . Cu Cu-64 127h 1345.8 (0.48) b
The activities and yields of the Wmgn and ''in r§dlonuc11dcs will be 1r}cfreased 'at th‘e Zo-65 TV 11155 G0) 3
bremsstrahlung beam of . the 100-200 MeV Linac of the IREN facility, which is Zn Zn- 69 139h 438.9 (100) b
constructed in FLNP, JINR [1, 9] ) Cu-67 619h 93.0 (16); 184.6 (45) - b,c
’ » 7l : ) Ge Ge - 69 39h 574.0 (12); 1106.5 (26) b
From Tables 2 and 3it may be concluded: . . X . d As As - 74 1784 595.9 (61); 636 (15) d
.- that the activities or yields of noble and some hlgh-pur;;y metals will b_e_mcrease Se Se-75 1304 1359 (58), 264.7 (58) 3
at the bremsstrahlung beam of the 100-200 MeV Linac of the IREN facility; Rb Rb - 84 34.5d | 881.5 (75) d
- noble and some high-purity metals can be analyzed using high energy photons or St Sroam | fam 1513 (31;&6‘)‘:(1;;;5 (5) e
the bremsstrahlung of LEA-200 for the certification analysis, and the sensrmvxty. ¥ V83 1053 5590.(93); 183639 ]
will be better than 50 times [18]. ) R Zr Zr - 89 784 h 909 (99) - c
- In Table 4. has given some Radionuclides, Gamma-Ray ' Energies and Intensities, ;b r:z- 9;;:: ‘ l(é-gi d 1?33[4.5 ?5-5) - d
which are used commonly -for Routine Mulielemental Ins?mmental Photon - C] Sl 15';; 2337)”’ ‘ <
Activation Analysis (MIPAA) [16,17]. AR : . In-111 2.83d i 171.29 (91); 245.35 (94) b,c
: Sb Sb-122 274. 564.1 (63); 6927 (3.27) c
Sb- 120 5.76d 89.8 (77); 197.2 (89); 1171.3 (100) d
Te Sb-124 60.2d 602.7 (98); 722.8 (10); 1691.0 (50) d
1 1-126 13d 388.5 (35); 666.2 (33) d
Cs Cs-132 647d 667.65 (100) c
S Ba Ba-133m | 389h 2759 (7) c
B Ba-135m 287h 268.2 (16) c
g Cce Ce— 139 137.5d 165.85 (81) d
e He e Ce-14l 325d 145.45 (49) d
: : Nd Nd - 147 11.06 d 91.1 (28); 531.0 (13.5) d
‘ ‘ Sm Sm-153 | 4675h 1032 (28) c
Er Er- 161 324h 211.1 (12); 826.6 (67) b
Yb Yb - 169 31.8d 1307 (11); 177.0 (22); 197.8 (40) d
Tm Tm - 167 9.25d 207.8 (42); 531.5 (1.5) c.d
Hf Hf- 175 70d 343.6 (85); 432.8 (14); 307.5 (10) d
Ta Ta— 180 8.1h 93.1 (4); 1034 (059) b
W Ta- 183 5d 1079 (10); 161.34 (10.4); 246.G6 (26) c.d
Re Re~- 184 38d 792 (36); 894.7 (16); 9032 (36.3) d
Re-186 [ 9064h 12261 (0.7); 137.16 (12) cd
Au Au—19% 62d 333.0(24.4); 355.72.(93.6) c.d
Hg Au- 198 2.69d | 411.8(95.5);676.9(082) c.d
Tl T1- 202 122d 43958 (95) d
Pb Pb - 203 52.1h X — rays; 279.2 (81); 401.3 (3.8) <
Bi Bi- 206 6.24d 343.5 (24); 516.1(40); 803 (100) c,d
Th Th - 231 256h X — rays; 102.3 (0.33), 163.2 (0.18) c
1] U-237 6.75d X —rays; 207.9 (23); 332,4 (1.3) cd
Analysis conditions: a) ;=20 m; t. = 5 m; ty = 3 m. b) 4y = 30 m; t, = 5-10 m; t, =5 m.c) ti, =4-6 h; =
N - Ih 1,=1020m d) te=1-2d; ty=30m.c)t= Tditp=1hd) 1,=20-30G; 1,=1-2h
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CURRENT STATUS AND FUTURE NEEDS OF NUCLEAR ANALYTICAL
TECHNIQUES AND THEIR APPLICATIONS: A REVIEW OF
IAEA CONSULTANTS’ MEETING

M.V. Frontasyeva

Department of Neutron Activation Analysis, Frank Laborarory of ‘Neutron Physics
Joint Institute for Nuclear Research, 141980 Dubna, Moscow Region, Russia

A Consultant’s meeting was organized in March 19-21, 2007 at IAEA Headquarters, Vienna, Austria, to
acquire information on ‘trends and new developments in nuclear analytical techniques® to advise the IAEA
Secretariat on future needs of assistance to Member State laboratories to stay abreast with international
developments. Eight experts from Canada, China, Czech Republic, Germany, Italy, Russian Federation, USA, United
Kingdom, and IAEA presented their views briefly summarized in this review. In view of requirements of the
international community for mutually recognized analytical data as the basis for decisions in legislation, trade and
innovation, developing countries need to expand existing nuclear analytical techniques for .compliance with
international ‘standards and norms. New developments in technology, improved radloanalytlcal methods,
organizational and managerial requirements (mcludmg quality assurance and quality ‘'management), supporting
sustainability of laboratories, as well as new emerging fields of applications, software and instrumentation need to be
adopted and evaluated. Particularly instrumental and radiochemical neutron activation analysis, accelerator based
and .isotopic techniques for nuclear and non-nuclear applications have the potential to support' socio-economic
development and self-reliance. Development of human resources in the field of radiochemical and nuclear analytical
techniques is a prerequisite for successful implementation of many of the IAEA programmes including medical care,
nuclear and conventional safety and environmental momtonng and remediation projects. Training courses, distant

‘learning tools as well as documentary and software provision is a requlremem to help ensure 2 qualified workforce

for nuclear applications in IAEA Member States.

INTRODUCTION

For the purpose of this review we define nuclear analytical techniques (NATSs) as those
that use nuclear reactions, radioactive decay, or nuclear instrumentation to investigate properties
of matter. This definition extends from the well-established radiochemistry, neutron activation
analysis (NAA), and prompt-gamma activation analysis (PGAA) to advanced methods at the
limits of science and technology, and includes the applications of these techniques to the
determination of composition and structure of matter for science and technology. ,

In the past several reviews on trends and applications of NAA have been published [1-5].
Radiochemical methods for various applications and speciation have been reviewed in [6-7]. A
review of industrial on-line NAA applications can be found in [8] and application of radiotracers
for methodological studies are summarized in [9]. An example of a combined application of
various modes of NAA to a material used as RM is given in [10] and a recent article presents the
application of PGNAA for very short-lived radioisotope analysis [11].

Many other- applications and - methodological developments- are  described in the
proceedings of the Modern Trends in Activation Analysis Conferences, e.g MTAA-11 in the
Journal of Radioanalytical and Nuclear Chemistry, Vol. 271, No. 1-3 (2007).

213



The broad range of nuclear analytical techniques share a set of advantages over competing
methods due to their use of nuclear reactions, radiation properties, or equipment. These
advantages include - .
(i) highly penetrating probe and response radiation; (ii) independence of chemical state and of
analytical blank; (iii) non-destructive character; and (iv) sensitivity, and specificity.

NAA in particular is in regular use worldwide to perform elemental analysis of as many

as forty elements in a variety of materials important to industrial process developmen_t and
control, human health, environmental protection, and cultural heritage. We see no decline in the
utility of this combination of factors, nor a replacement in all its applications by any other single
analytical technique in the next decade. NAA is especially valuable in the case of large sax:nples,
complex matrices, solid materials that are difficult to dissolve, and QA/QC. Significant
contributions have been made over the past five decades to the characterization of reference
materials and assignment of reference values in complex natural materials as well as indus.trial
products. National and international metrology organizations continue to rely on the unique
quality parameters of NATs for this purpose. Although NAA is mature, several developl-ng
extensions to the method promise greater applicability to the analysis of large ultra pure solids
and extremely heterogeneous samples. The broad elemental coverage and high throughput of
NAA have made the technique a dominant one in archacometry. e

Several obstacles stand in the way of further use of NATs. Foremost among them s the
decline in the number of research reactors in the developed world. This problem may be partly
offsef ‘by a number of new research reactors in the developing world but also by new
developments in DD and DT neutron generator technology. Higher fluence rates, longet life time
and reduced size of the tubes make them attractive as a source of neutrons for analytical purposes
when combined with appropriate moderator/shielding and counting equipment.

NEED FOR EDUCATION AND TRAINING

In view of declining number of students enrolling in natural sciences in general and ip
nuclear and radioanalytical chemistry in particular, national support programmes for knovyledge
conservation and teaching of undergraduate and graduate students must be supported with the
highest priority to ensure sufficient staff qualified for maintaining nuclear and rad_ioanalytlcal
laboratories, for radioprotection and for securing the safe operation of existing _nuclear
installations. The numerous nuclear analytical applications beneficial to human w?ll bemg can
only be developed and further applied if a continuous supply of teachers and trainers will b;
available in the near future. ) ) " '

-

NEW DEVELOPMENTS IN ANALYTICAL TECHNIQUES AND APPLICATIONS

Over 200 small and medium charged-particle accelerators are in use in many countries for
PIXE and other ion beam analysis techniques. Their applications in materials and life sciences are
expanding, especially with microbeam facilities which allow imaging in two or three dimensions
(more than 40 operational p-beam facilities available at this moment). .

Charged-particle activation analysis (with or without radiochemistry) can be a
complementary technique to NAA for the determination of particular elements in different
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matrices. (biological, environmental, and certain technologically advanced materials). In'the
version of TLA (thin layer activation) this technique is effective for wear and corrosion studies
on moving mechanical equipments for industrial applications -and the  assessment of the

erformances with time of human prostheses as well. There is a remarkable growth in the number

_and availability of particle accelerators related to the rapid expansion of diagnostic and

therapeutic nuclear medicine procedures, notably positron emission tomography (PET), single-
photon emission tomography (SPET), (including hybrid systems with CT or MRI), functional
diagnosis, molecular imaging, and metabolic radionuclide therapy. For example, more than ten
million tests are made with ”™Tc¢ annually in North America alone. L ;

The number of qualified and experienced professional nuclear scientists and engineers, in
particular radiochemists and radiopharmacists, has not kept pace with this increase, leading to
greater risks in these procedures. \

Analytical techniques based on synchrotron radiation are emerging which can provide
qualitative and quantitative . information on in-vivo elemental composition, structure,  and
molecular imaging. As many as ten of the new large facilities are dedicated to the biomedical
sciences.

NON-DESTRUCTIVE ANALYSIS OF ART, ARCﬁAEOLOGICAL AND
ANTHROPOLOGICAL SAMPLES AND THEIR AGE DETERMINATION

Nuclear analytical techniques requiring minimum or no sample preparation at all prior to
analysis are an ideal tool for scientific investigation of valuable cultural heritage objects. Due to
their deep penetration in solids, neutrons are used for elemental analysis of archaeological
artefacts, gem stones and metal objects from museum collections by INAA and PGNAA [12-14].

Neutron . resonance capture- analysis is a new emerging technique to be applied to
archaeological materials successfully [15]. Proton induced X-ray emission (PIXE) and other ion
beam techniques are of immense value to study elemental distribution in fragments or large
antique objects under vacuum or in air [16-18]. ' L o

As museum curators dislike to release their valuable objects to analytical laboratories for
investigation, a development for portable. X-ray fluorescence (XRF) instruments was:launched
and those instruments are now frequently applied-to the analysis of paintings and immovable
cultural heritage like frescos and wall paintings [19, 21]. . - .

Exact dating of ancient objects excavated from soil and deep sea is of crucial importance
for archaeologists and anthropologists. No other competing techniques can reveal the broad range
and accuracy of nuclear techniques, such as C-14, TLD/OSL and isotopic ratio determinations for
dating. Although conventional C-14 dating using beta spectrometry is a tedious procedure it is
still widely used in- developing countries. In more -advanced laboratories “accelerator-mass
Spectrometry (AMS) has replaced this conventional technique resulting in higher accuracy and
Sensitivity for a large number of stable and radioactive isotopes [22].. .

A number of spectacular results in determining the age of human remains have been
described in recent articles [23, 24]. Nuclear analytical techniques are indispensable and hitherto
non-replaceable by other non-nuclear analytical techniques for the prominent application to
Cultural heritage. We expect a drastic increase in interest .for using NATs in scientific

“Investigations in Member States of the IAEA.
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THE ROLE OF TRACE ELEMENTS IN HEALTH AND ENVIRONMENTAL ST'UDIES

NATs are playing a significant role in the three “new epidemics”'(WHO 2000) of cancer,
cardiovascular disease, and diabetes. NATs have a unique. role to .ald in understanding ‘the
mechanism of brain-gut interactions related to satiety and obesity, vyhlch appear to be relateq to
the new epidemics, and are in other ways an important health issue in r?pldly deve!opmg
countries. 1t is noted that a few investigations have commenced'mvolvm_g ‘NATs in the
determination of the composition of biological tissues in connection with HIV incidence in sub-
Saharan Africa. ) -

According with the recommendations of the international and Eur(_)pean pharma.copoel
the quality assurance/control (QA/QC) of labelled compound§ i}nd radlophannaf:eutlcals for
human and animal investigations is required to make use of sophisticated and sometimes unusual
radiochemical and radioanalytical methods of analysis and NATs,. o -

The development of rapid methods of analysis and visualization of. r?dloac':tlve. specimens
would give a substantial improvement to these technologit?s. The stability with time ‘of the
labelled species and the evaluation of the expiration time is of paramount releva.nc’e for. the

s of labelled species. . ]
perfom‘:l:t‘izzcially produccr:)d radioactive tracers, characterized by short. half-li'fe and hlgl:l specific
activity, are finding several applications in the life sciencs:s, in Partlcular in occupatl.onal' qnd
environmental toxicology, in metallobiochemistry and nanotoxicology as well as in l;ymg
organisms (cell cultures, plants, animals, and fishes). ,
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BREMSSTRAHLUNG EMISSION FROM A THICK TARGET
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Abstract. Bremsstrahlung emission, or radiation loss, is a dominant mechanism for
energy dissipation of electron at relativistic energies greater than a few MeV when it is
subjected to acceleration in the field of the nucleus or of the electrons. In this work
Monte-Carlo calculations for bremsstrahlung spectra have been described for the case of
thick tungsten target, where secondary interactions induced by the electrons and photons
in the target such as energy loss, absorption, scattering and (¢", €) pair-production effects

were taken into account.

-

L. INTRODUCTION

The bremsstrahlung emissions produced from accelerators are intensive and high-energy
photon sources. They are widely used in photo-nuclear reaction research and applied

nuclear physics. For example, to obtain the dependence of the cross-sections of the

photo-nuclear reactions on the photon energy it is necessary to know the bremsstrahlung

spectrum as a function of the incident electron energy. As there is not enough

experimental data available, improvements in calculation technique based on updating’

the interaction data of electron and photon are proved to be a good way for

bremsstrahlung spectral evaluation for the above mentioned goals of research.

The bremsstrahlung emissions have been calculated by several semi-analytical methods
[1-2]. However, due to difficulties in describing analytically the seconda.ry-mteractlon"”

effects occurred in the target, especially those related to non-zero observation angles,

these calculations are limited when a thick target is used, where the affect of secondary

interactions can not be 1gnored

In this work we would like to use Monte-Carlo calculations based on | the experimental ;

data and theory about energy and angular distributions to consider the role of the.

secondary interaction processes induced by electrons and photons in thick tungsten target.

This is necessary in evaluating accurately the production yield and bremsstrahlung
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radiation intensity at an incident electron beam. The research is also to resolve the

limitations and problems mentioned in the previous research [1-3].
II. CALCULATION TECHNIQUE, RESULTS AND DISCUSSION

In principle, bremsstrahlung can be emitted whenever a charged particle experiences a
change in its velocity under the influence of the Coulomb field of a nucleus. Smce the
rate of energy dissipation due to bremsstrahlung and the cross-section for its productlon
are inversely proportional to the square of the mass of the incident particle [4]:
dEy/dt ~ 227 /m” ¢))
oy~ Z(e*/mc?)’ @

where m and Z are, respectively, the mass and the charge of the particle, and Z, is the
atomic number of the target. Bremsstrahlung emission is a dominant energy-diséipation’
mechanism for electron, the lightest charge particle, especially at relativistic énergies
greater than a few MeV. _ .

The study on angular distribution of bremsstrahlung [4-6] indi‘czylted that at very low

" energies of electrons the radiation mten51ty isof max1mum ina dlrectlon perpendicular to

the incident beam. However, as the _energy is mcreased the maximum appears at
increasingly forward angles and in the limit of very high electron energies, the ¢ emlssmn
of bremsstrahlung essentially occurs as a narrow pencil in the forward dlrectlon The
average angle of emission is then given by [6]):

0,~ m.c’/E, 3
with E, being the total energy of the incident electron,

m,c? is the rest energy of electron.

Simulation for production of the bremsstrahlung and scattered electrons when a
relativistic incident-elebtroh béam hitting the thick target has been mentioned in our
previous research [3]. Here we are concentrated in considering the role of the secondary
processes occurred in the target due to the appearance of these particles to formation of
gross bremsstrahlung spectra. - o
1. Due to the bremsstramupg emission under the influence of the Coulomb field of 'the
nucleus, the incident electron will be lost an amounf of energy that equal to the

bremsstrahlung energy emitted (because Mpye, >> m, the recoil energy of the nucleus can
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be ignored) and deflected from its moving direction. The remaining energy (T5) andf
reflection angle (0.) of the electron can be, therefore, deiermined using laws of
conservation of energy and momentum as follows:
T,=Te-hv @
vsmevsc0s(Be) + hcos(0y)/ A = yemeve 5)
where 8y is given by formula (3), p and ¥ are the Lorentz factors of the electron, v, and Ve
-are velocities of the incident and scattered electrons.
2. Since the bremsstrahlung production yield is proportional to the strength of the nuclear
Coulomb field felt by the electron and the number of its interaction with the nuclei in the
target, the intensity of its emission increases with atomic number and thickness of the
braking target. However, bremsstrahlung radiation intensity can be considerably reduced
by the attenuation effects in the heavy target material. The data on photon cross-sections
for a given material in the wide range of energies from 100 KeV to 100 MeV [7] are

parameterized as a function of the photon energy:

Ln(c,) = a + a;Ln(E) + a,Ln’*(E) + a;Ln’(E) (6)‘
Ln(os) = bo + biLn(E) + bsLn*(E) + bsLn’(E) %)
Ln(o,) = ¢ + ciLn(E) + cLn’(E) + c;Ln*(E) 8)

Where (2, a1, 22, 83), (o, b1, b2, b3) and (¢, c1,¢2, ¢3) are fitting coefficients for the cross-

sections of photoelectric absorption, scattering and pair production processes,”

respectively.

2.1. For the photoelectric effect a quantum can be absorbed if Ey > Binent Where Bghen- are '

the shell energies of electron. The photoelectron is emitted with kinetic energy: _
Tphotoelect = Ey = Bshell ®
The polar angle of the photoelectron is determined from the Sauter-Gavrilar distribution
for K-shell [8]: A i
CosBpmaeees = [(1 - 21) + 1/ [(1 - 21)B + 1] (10)
where [ and y are the Lorentz factors of the photoelectron.

2.2 For the Compton-scattering process the energy and angle of the scattered photc;n are

determined as follows: Starting from the quantum-mechanical Klein-Nishina differgntia1‘

cross-section for Compton scattering:

do / de = nr2(mec? / Eo)Z(1 / € + &)[1 — £sin®Ocompt / (1 + €3)] [¢8))
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where:
t. = classical-electron radius, m.c? = electron mass, E, = energy of the incident photon,
E; = energy of the scattered photon and £ = E, / E,.

Assuming an elastic collision, the scattering angle. Bcomp is given by the Compton

- formula:

E1 = Eomec?/ [mec? + Eo(1 - c0sBcompr)] (12)
The energy of scattered photons is sampled as follows:
The value of & corresponding to the minimum energy of the photon, i.e. to backward
scattering Bcomp: = 180° is:
g =mec? / (mec? + 2E,) ‘ (13)
Hence ¢ €[e,, 1]. Using the combined composition and rejection Monte-Carlo method
described in [9] we set a function depending on £ from the expression of the differential
cross-section: . '
O(e) = (1/&+€)[1 — esinOcoms/ (1 + )] = fE)g(e) (14)
| = [efi©) F ubE)ee) (15)
wherea; =In(1/&) ; fie)=1/me )
w=(1-e/2 ; fHE)=¢t/a
fy and f; are probability density functions defined on the interval [, 11.
8(€) = [1 — esin™8compe / (1 + €3] i the rejection function with all the values of 6€ [, 1]
so, 0<g(e)<1. . .
After the successful sampling of & and the polar angles Ocomp: of the scatteredJ photon with
respect to the direction of the parent photon, the kinetic energy and momentum of ﬁe
recoil electron are then determined by: ) o
- Trecoite=Eo-Er . _ . .(16).
=B B S ()
2.3 For the gamma conversion into an (", €) pair simulation for total energy carried by
one particle of the pair is based on the Bethe-Heiler differential cross-se;:ﬁon formulak[9]:-
do(Z, €)  de = arZ[Z + EQ)H[ & + (1 - e/ 1[01(8() ~ F(Z) /2] + ;
+ [2e(1 - €) / 3][D2(3(e)) - F(Z) / 2]} (18)

where a is the fine-structure constant and r. the classical-electron radius,
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e =E/E,, E, is the energy of the photon and E is the total energy of one particle in
the (e, €) pair. Therefore, the kinematical limit of € is: ‘
mec? / By =g SE<1 - & (19)
In cross-section formula (19) two screen functions ®;(8) and ®,(8) are introduced:

i. for 6 <1

®(3) =20.867 — 3.2425 + 0.6255° (20)
®,(5) = 20.209 — 1.9305 - 0.0865°
ii. for 6 >1
O1(3) = ©,(5) = 21.12 — 4.184In(5 + 0.952) Q1)
where the screening variable 3 is a function of &: .
3(e) = 13680/ [Z"e(1 - €)] 22

The Bethe-Heiler formula is established for plane waves. So, for Coulomb waves a

correction, so called a Coulomb-correction function should be introduced in:

F(Z)=8InZ /3 for E, < 50 MeV (23)

F(Z)=8InZ/3 +8f(Z) for Eo> 50 MeV (24)

with £(Z) = (@Z)*{1/ [1 + (aZ)*] +0.20206 — 0.0369(aZ)’ + 0.0083(aZ)* - ‘
- 0.00020(aZ)® + ...} (25)

The polar angle of the electron (or positron) is defined with respect to the direction of the
parent photon. The energy-angle distribution can be approximated by a density function
given by L. Urban [10]:

F(u) = [92% / (9 + )][(ue™ + due™™) (26)
with a = 5/8,d =27 and 0. = um,c? / E. @7
A sampling of the distribution (27) requires a triplet (qi, q2, q3) of random numbers such
that: if q; <9/ (9 + d) then u = -In(q2q3) / a, otherwise u =-In(qaq;) / 3a . (28)

In all calculations described above the azimuthal angle vy is generated isotropically.

Fig. 1 shows calculations for the bremsstrahlung spectra produced by 18 MeV-electron
beams for cases of the thin-W target (0.03 cm thickness) and the thick one (0.3 cm

thickness), where the secondary interactions mentioned above were included in the

simulation.

222

Fig. 2 shows a dependence of

g b emissions of secondary photons and
% " electrons on the target thickness.
- 1 .
C A In these calculations the numbers of
s Y PR ; .
é orf =, 0. 03 cm W-thick the secondary particles produced, i.e.
l.- n.' = ) R

E 001 '--...::::"--. . photons and electrons at the exit of
= g llllll-. (M .

£3 0.03 cm W-thick “**aje, target, were normalized by one

02 4 6 8§ 10 017 515 20 incident electron: This is to expose the
Photon energy (MeV) role of secondary processes occurred

. in the target to formation of th
Fig. 1: Bremsstrahlung spectrum produced by 8 wom OF The gross

bremsstrahlung spectrum. It
18 MeV electron beam on W-targets. & shee can be

seen from Figs. 1, 2 that due to the

secondary interactions the numbers of

E electrons and photons exiting the
B 6] ]
8 - ®" " target could be increased, respectlvely,
‘'~ 5 Fhotons ~ =
~ L e by up to the factors of approx1mately 4
8 4] °
5 . . and 6 compared w1th that of 1nc1dent
g 3] ’
g . - electrons. This increase of the photons
@ ® ectrons . : :
G 24 [ ] . .
g . is almost located at very low energies
) ‘ :
A1 R e 1 of bremsstrahlung spectrum. The
D v )
0 T T . T i i
oo o 0z oa o sunulatlon of the spectral
Target thickness (cm) characteristics as a function of the
Fig. 2: Number of photons and electrons as target thlckness showed ‘that this

a function of W-target thickness for incident increase of the photons is mamly due
‘ to sequent bremsstrahlung emissions

from the scattered electrons in the target. For a ‘gross bremsstrahlung spectrum these
photons can make a broadening in the angular distributions. From the above mentioﬁed
results of the dependence of the photon intensity on the target thlckness we would like to

show two followmg comments:
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1. For the nuclear-reaction research with bremsstrahlung the calculations in optimizing
both the necessary photon intensity and the possible angular br(iadening as a function of
the thickness should be taken into account.

2. From Fig. 1 we can see that enhance of the photon is mainly located at low energies,
i.e. at those below the threshold of reactions (y, p), (y, np), (v, xn) and (y, xp) for light
nuclei. This suggests about an possibility to use the bremsstrahlung emission from the
thick target to produce high-intensity neutron sources by low- threshold (y, n) reactions,

for a typical example *Be(y, n)°Be.
III. CONCLUSION

We have used the Monte-Carlo calculations to stlidy the secondary interactions induced
by the bremsstrahlung and the electrons produced by braking accelerated relativistic-
electron beams in thick target. Our calculations were performed on the basis of energy
and angular distributions of the emitted particles. These distributions are either
parameterized from experimental data or from theoretical description. This allowed us to
consider contributions of the secondary effects to the production yields of bremsstrahlungi
and electrons. In this study the role of the secondary-interaction effects was explicitly
exposed by considering the emission of photons and electrons as a function of target
thickness. For the bremsstrahlung emission from a thick target the simulation showed the
increase of the photon intensity and the possible broadening in angular distributions in
the region of photo-nuclear reactions due to the secondary-electron emission. Therefore,
the optimization calculations for target thickness based on a compromise between two
these effects should be taken into account in photo-nuclear reaction research. Moreover,
the simulation showed a possibility to produce the high-intensity neutron source by using

low-threshold (y, n) reactions from the bremsstrahlung emission in case of the thick ltarget.
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AND NEUTRON ACTIVATION ANALYSIS
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Institute of Physics, Opole University, Oleska 48, 45-052 Opole, Poland
*Frank Laborarory of Neutron Physics, Joint Institute for Nuclear Research
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Biomonitoring of multi-element atmospheric deposition using terrestrial moss is a well
established technique in Europe. In October 2006 30 moss samples of Hylocomium splendens and
Pleurozium schreberi were collected over the territory around the city of Opole, capital of the
agricultural Opole Region, situated between two industrial regions of Poland: Silesia-Krakéw
Industrial Region in the east and Legnica-Glogéw Copper Basin in the west. A total of 34 elements
including heavy metals and rare earths were determined by instrumental neutron activation analysis
using epithermal neutrons at the IBR-2 reactor of FLNP JINR.

Introduction

Moss is the most effective type of organism for biomonitoring purposes because of its
ability to accumulate and retain pollutants, including trace elements and heavy metals. Mosses
have only a rudimentary root system, so the uptake of elements comes mostly from the

atmosphere. Nowadays the moss biomonitoring technique is widely used all over the Europe"

as a method to evaluate atmospheric deposition of metals [1, 2].

The presence of heavy metals in atmospheric deposition within the Polish territory had

been previously studied for some specific locations [3-5] including the largest industrial
regions the Silesia-Krakéw Industrial Region and Legnica-Glogéw Copper Basin [6]. In 2006
moss samples were collected over the territory of agricultural Opole Region which lies
between these two studied industrial regions and analyzed by multielement instrumental
epithermal neutron activation analysis, previously successfully used by one of the authors in
similar studies in Russia, Norway, Romania, Northern Serbia and Bosnia, Macedonia {7-121
and several other countries.

The primary task of the present study was to quantitatively characterize the deposition
of trace elements including heavy metals over the agricultural Opole Region and to assess the
long range atmospheric transport of pollutants from most contaminated neighboring regions
of Poland. The results of this study will be submitted to the Coordination Center of the
International Cooperative Programme on Effects of Air Pollution on Natural Vegetation and
Crops (ICP Vegetation) [13].

Study area :

The Opole Region is located in the central part of Silesia, in the south-west part of
Poland, with an area of 9,412 square kilometers and population over 1,055,000. It borders in
the east with the Silesia-Krak6w Industrial Region, with the southern part of the
Severomoravsky Region of the Czech Republic in the south-west and in the west with the
Lower Silesia with Legnica-Glogéw Copper Basin. The south of the region is mountainous,
but three quarters of the territory are lowlands (about 160 metres above sea level in the centre
of region — city of Opole) with the valley of Oder River crossing the region from north-west
to south-east.
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Forests cover 26.2% of the region (mostly pine forests) and 62% of the region’s area is fertile
soil used for agriculture. .

Sampling )
P Samples of the two moss species Pleurozium schreberi (more than 85% of all

collected samples) and Hylocomium splendens were collected during October 2006 at 30 sites
Jocated 5 to 18 km from the center of the town. The sampling was carried out in accordance
with the strategy of the European moss survey programme [13]. Samples were collected at
least 300 m from main roads, villages and industries, at least 100 m from local roads and
houses. The sampling points were situated in forests gaps or clearings, at least 3 m away from
the nearest trees to reduce influence from the forest canopy. On each site 5-10 sub-samples
were collected within a 50x50 m area to make the moss samples representative. Sampling and
sample handling was performed using polyethene gloves and collected material was stored in
paper bags. The sampling network is given in Fig. 1.

Analysis

Neutron activation analysis (NAA) was performed in the Frank Laboratory of
Neutron Physics, Dubna, Russia. In the laboratory the samples were carefully cleaned from
needles, leaves, soil particles and only the green, green-brown shoots representing the last
three years growth were analyzed, after being air-dried to Constant weight at 30—40°C for 48
hours. The samples were neither washed nor homogenised. Previous surveys based on NAA
in moss biomonitoring have shown that samples of about 300 mg are large enough to be used
without homogenization [14]. For short-term irradiation samples were pelletized in simple
press-forms of about 300 mg and were heat-sealed in polyethene foil. For epithermal neutron
activation analysis, simillar pelletized samples of similar weight (about 300 mg) were packed
in aluminum cups for long-term irradiation.

The samples were irradiated in the IBR-2 fast pulsed reactor, in channels equipped
with a pneumatic system. The neutron flux characteristics are shown in Table 1 [15]. Two
kinds of analyse were performed: to determine short-lived radionuclides (Cl, Ca, V, Mn) the
samples were irradiated for 3 minutes in the second channel (Ch2) and to determine elements
associated with long-lived radionuclides (Na, Sc, Cr, Fe, Co, Ni, Zn, As, Se, Rb, Mo, Sb, Cs,
W, Th, U) samples were irradiated for 100 hours in the cadmium-screened Chl.

Table 1. Flux parameters of irradiation positions.

Neutron flux density [cm'zs‘l] 10"
Irradiation position Thermal Resonance Fast
(E=0-0.55 eV) (E=0.55-10° eV) (E=10°-25'10° eV)
Ch1 (Cd- screened) 0.023 3.3 4.2
Ch2 1.23 2.9 4.1

After irradiation gamma-ray specira were recorded two times for each irradiation using
a high-purity Ge detector. The first one after decay periods of 2-3 minutes for 5 minutes, the
second one-for 20 minutes, 9-10 minutes following the short irradiation. In case of long
irradiation, samples were repacked into clean containers and measured after 4-5 days far 45
minutes and 20-23 after days for 3 hours. Table 2 lists selected peak energies for NAA for
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each analysed element and shows which method of analysis was used to determine that
element.

Qualyty control (QC)

The QC of NAA results were ensured by analysis of reference materials: trace and
minor elements in lichen IAEA-336. (International Atomic’ Energy Agency), IAEA-SL-1
(Trace elements in lake sediment) and SRM-1633b (Constituent elements in coal fly ash, US
NIST-National Institute of Standards and Technology), SRM-2709 (Trace elements in soil).

Results and descussion .

Median values and ranges for the elements studied are presented in Table 2, along
with the corresponding data from similar studies in the neighbouring Silesia-Krakéw :
Industrial Region, Legnica-Glogéw Copper Basin and Severomoravsky Region of the Czech
Republic [6]. For comparison with a pristine territory corresponding data for the Northern
Norway [14] are shown in the right-hand column. The Norwegian values are from ICP-MS
and are based on nitric-acid solutions, possibly leaving out fractions of the elements contained
in silicate minerals (soil particles). I i

The area around Opole is characterized with the highest median for seven elements:

As, Cl, Co, Mn, Sc, Th and U. In spite of this for As, Cl and Sr undoubtedly the medians are
the highest. In the case of As data from the statistical department shows that emission of that
element in Opole Region is the lowest. In Lower Silesia in year 2005 there was over 300
times higher emission [16]. ‘ !
' Arsenic and Antimony are mainly associated with coal combustion. Near Opole there
is a large conventional power plant “Opole”- the most important source of electricity for the
region. Additionally, there are local industrial power plants, heat and water generating plants.
In villages around Opole people heat their houses using coal. The most:likely source of As
and Sb could be fly ash from coal burning. Local abnormalities in distribution of As could be
connected with pesticides or wood preservatives using.by farmers and.forest government
(most of sampling sites were situated in forests and some near fields). . L =

Molybdenum is emitted by a metallurgical plant in the town of Ozimek in the east of
Opole. , ' K : o -
Zinc may arise from cement plant dust or from marble and limestone mines. -
Vanadium and Nickel most probably originate from petrochemical emissions because
of the chemical industrial enterprises situated in the south-east part of Opole Region. A coke
plant situated in the same-area as the petrochemisty produces various kinds of coke, coke-

oven gas and carbon derivatives: tar, crude benzol and ammonium sulfate.

Calcium Mining in the Opole region is based on marble and limestone, building and
road stone, gravel and sand.’ » o B : ;

Chlorine The reason for the high Cl contamination is not very obviais. Geographical
distribution and wind directions suggested that the source of this pollution could be dust from
the cement plants, petrochemisty industries or coke plants. ~ ° : o
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“Table 2. Comparison of the results obtained in the present study with neighbouring industrial

regions, ug/g.
Opole Region- Silesia- Krakbw
Element Industrial Region
Median Min. Max. Median Min. Max
Na 198 82 536 - - -
Cl 462 161 1045 183 66 715
K 8352 5740 17260 - - -
Ca 4870 2785 11660 - - -
Se 0.23 0.076 1.14 0.18 0.06 0.55
Ti 140 37 909 - - -
A% 2.8 1.1 11.7 3.5 1.5 8.1
Cr 2.8 1.5 9.1 3.3 1.2 98
Mn 236 37 882 125 39 410
Fe 813 240 3086 943 302 4515
Co 0.5 0.2 1.1 0.2 0.1 0.7
Ni 2 0.8 4.9 2.3 14 7.6
Zn 64 26 125 118 56 877
As 0.89 0.3 3.12 0.37 0.03 2.85
Se 0.24 0.07 0.61 0.43 0.13 0.79
Br 243 1 5 1.22 0.08 . 5.85
Rb 21 9 37 27 4 50
Sr 22 12 54 9 0.5 34
Mo 0.22 0.06 0.53 - - -
Sb 0.36 0.13 0.68 0.39 0.15 3.05
1 14 04 54 0.9 0.21 1.78
Cs 0.45 0.12 1.25 0.79 0.16 3.1
Ba 42 12 97 19 72 85
La 0.88 0.46 4.32 2.1 0.05 14
Ce 1.9 0.9 9.3 5.6 0.7 43
Sm 0.14 0.06 0.72 - - -
Th 0.018 0.009 0.115 0.016 0.005 ~ 0.053
Yb 0.06 0.02 041 0.04 0.01 0.32
Hf 0.18 0.06 1.74 0.12 0.03 1.45
Ta 0.03 0.01 0.19 0.02 0.01 0.07
W 0.2 0.14 0.65 0.32 0.01 3.99
Au 0.002 0.001 0.008 0.003 0.001 0.015
Th 0.22 0.06 1.3 0.17 0.06 0.59
U 0.1 0.02 0.51 0.1 0.01 0.24
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Table 2 (continued)

Element Leg: ll)caerg*:sgigw Czech Republic Norway
Median | Min. { Max. | Median | Min. | Max. | Median | Min. | Max
Na - - - - - - - - -
Cl 226 123 | 537 - - - - - -
K - - - - - - - - -
Ca - - - - - - 2820 1680 { 5490
Sc 0.13 }0.03 | 0.63 - - - 0.052 | 0.009 | 0.22
Ti - - - - - - 23.5 124 | 664
A\ 2.5 1.1 8.1 1.52 {0.5715861| 092 0.39 5.1
Cr 1.5 0.8 | 13.1 1.88 038 7.66 | 0.55 0.1 4.2
Mn 222 70 | 896 256 22 750
Fe 357 147 | 845 401 176 | 1850 | 209 77 1370
Co 0.3 0.1 1.5 0.202 {-0.065-| 0.654
Ni 1.8 0.1 3.5 1.95 10.56 | 10.2 1.1 0.1 6.6
Zn 45 31 110 35 194 | 149 265 | 7.9 173
As 0.61 0.25| 6.04 029 10071 14 | 0.093 | 0.02 |0.505
Se 0.33 | 0.22] 0.77 - -]~ 0.33 0.05 ‘| 1.3
Br 1.3 0.91 | 2.85 - - - © 4.5 1.4 20.3
Rb 22 |2 45 - - - - 7.7 1.3 ] 515
Sr - 73 1'0.7| 339 - - - 158 | 3.6 | 43.3
Mo - - - - - - 0.135 | 0.065 | 0.7
Sb 0.25 ]0.16 ] 0.79 - - - 0.033 | 0.004 | 0.24
1 1.11 1035 2.68 - - - 2.5 0.6 41.7
Cs 041 ]0.16] 1.3 - - - 0.072 | 0.016 | 0.88
Ba 10 5.5 79 - - - 17.1 5.6..] 50.5.
La 0.5 0.14] 1.6 - - - 0.189 | 0.045 [ 2.56
Ce 1.1 102 3.7 - - - 0.342 | 0.095 | 4.61
Sm - - - - - - 0.33 0.05 1.34
Tb 0.012 0.--]0.085 - - - 0.003 | <0.002 | 0.03
Yb 003 10.011}.0.18 - - - R R -
Hf 0.09 ] 0.01 | 0.58 - - - e - -
Ta 0.02-]10.011] 0.13 - - - 0.01 <0.01 | 0.07
W 0.19° 10.02 | 0.62" - - - 0.13 0.01 1.23
Au | 0.002:} 0 {0.024 - - - s - -
Th 0.13 }0.08{ 045 - - - 0.033 | 0.004 | 0.24
U - 0.08 ]0.02°} 0.99 - - - 0.015 | 0.001 {0.138
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Conclusin

This is the first attempt to assess the atmospheric deposition of heavy metals and other
trace elements within the Opole Region. The study adds this region to the European moss
network.

A comparison with the neighboring industrial regions, where similar studies have been
conducted in the past {6] shows that the level of toxic elements in moss collected in the
agricultural Opole Region are practically the same. Aside from the local industries, the origin
of pollutants from the neighboring large industrial areas is obvious. Further detailed moss
surveys in Opole Region on larger scales will fill more gaps in the atmospheric deposition
map of Europe.
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TEMPORAL VARIATIONS OF ELEMENTAL CONTENT IN ATMOSPHERIC
AEROSOL IN BRATISLAVA, SLOVAKIA o

J. Meresova', M. Florek!, M. V. i-‘rontasyevaz, S. S. Paviov?, K. Holy’, I Sykora1

!Dept. of Nuclear Physics and Biophysics, Comenius University, Bratislava, SR

zDept. of Neutron Activation Analysis, Frank Laboratory bf Neutron Physics (
Joint Insitute for Nuclear Research, 141980 Dubna, Moscow Region, Russia

In the framework of urban air pollution studies the elemental concentrations of atmospheric
aerosols collected at urban sites in the capital of the Slovak Republic Bratislava are presented in this paper,
Sixteen filter samples were exposed during 7-10 days during different seasons of the year 2004. As a result
of two irradiations and four gamma-spectrometric measurements the concentrations of 30 chemical
elements (Na, Al, CL, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Ga, As, Se, Br, Rb, In, Sb, I, Cs, Ba, La, Sm, Dy, Tm,
W, Au, Hg, Th, U) were determined using instrumental neutron activation analysis (INAA). Additionally
the concentrations of other 5 elements (Cr, Ni, Cu, Zn, Cd, Pb) were measured by atomic absorption
spectrometry (AAS). The main goal of this project is to better understand the dynamic processes taking
place in the atmosphere and to study the temporal variations of some elements in the airborne particulate
matter. For some elements seasonal variations in concentration were observed, for the others the
concentrations were relatively stable over the year. The correlations between concentration of elements and
some meteorological characteristics are discussed.

1. Introduction

The atmosphere is one of the crucial parts of the environment and its monitoring is
essential in the process of evaluating of the actual ecological situation and consequentially
deciding on the level of environment protection and intervention required. The  air-born
particles significantly influence several atmospheric processes, for example like creation of
clouds. Therefore it is important to know their chemical composition and physical
characteristics to assess the impact on the environment and human health.

There are several epidemiological studies showing positive correlation between
different aerosol characteristics and increased human morbidity and mortality [1, 2].

Because of the advantages of instrumental neutron activation analysis (INAA) it was
found to be the key analytical method for determining the elemental composition of the solid
environmental samples. The main reasons are the small sample quantity needed, multi-
elemental analysis, direct non-destructive method, etc [3].

Acrosol particles contain various elements including heavy metals. Some heavy metals
are essential biogenic elements (Mn, K, Ca, Na, Cu, Zn) and they play an important role in the
nutrition of plants, animals and humans, but if they occur at elevated concentrations, they may
produce toxic effects.

The others (Cd, Hg, Pb) are toxic even at very low levels. Heavy metals are released to
the environment from a great number of sources like different industrial activities or
combustion of fossil fuels. These elements are components of traffic emissions and are
emitted into the atmosphere in the form of fine dust and aerosols. Airborne soil particles,
volcanic aerosols and forest fires contribute to natural emissions of trace elements [4].

The seasonal variations of pollutants in atmosphere are governed by atmospheric
transport processes and circulation. The main features of this behavior are the following [5]:
() rate of vertical mixing within the troposphere; (b) amount of rainfall.
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with accuracies 5, 17, 1, 2, 25, and 1.4 %, rgspcctively. o - P

“ .

2. Experimental

Using a sampling device with an air-flow rate of 30 m>h! aerosol particles were
‘cyollected on the nitro-cellulose membrane filters (PRAGOPOR, pore size 0.8 pm, collection

 efficiency ~ 100 %) at the height of 2.85 m above the ground.

The sampling location is situated at the urban site at the Meteorological Station near
the Faculty of Mathematics, Physics and Informatics, Comenius University (FMFI UK),
Bratislava. - S : o

Collection of the aerosol samples was performed during different seasons of the year
2004. The filters were changed every week, and about 3000 m® of air was pumped through
each sample. In September 2004 a new sampling device was installed, and the volume of
pumped air increased twofold. :

The air filter samples were irradiated in the pulsed fast reactor IBR-2, FLNP JINR and
the REGATA experimental setup was used for multi-element determination. The irradiation
facility is described elsewhere [6]. ‘ : ;

After sampling the filters were divided into several parts for different examinations.
One part was pelletized using simple press-forms and heat-sealed in polyethylene foil bags
(~ 0.4 g) for short-term irradiation. '

A special effort had to be taken to avoid contamination of the samples. Since the most
interest is on the determination of heavy metals, the press-form is made from plastic. To
determine the short-lived isotopes conventional NAA was used.

Samples were irradiated for 10 minutes and immediately measured for 5 min and a
second time for 20 min. The time of irradiation depends on the type of sample.and the
presumed element composition. It can vary from 3 to 20 minutes for short-lived isotopes
determination. After the determination of short-lived isotopes, samples repacked into
aluminum containers and irradiated in the epithermal cadmium-screened channel for
determination of long-lived isotopes. The samples are usually irradiated for 3 days.

Unfortunately the nitrocellulose material is not appropriate for long-term irradiation,
thus samples were irradiated only for one hour and measured twice after 4-5 days and 20 days
of decay. - : o o =

The gamma spectra were measured with GeLi detectors with a resolution of 2.5-3 keV
for the 1332.5 keV peak of *°Co. The data processing was carried out using software
developed in FLNP JINR, and element contents were determined on the basis of certified
reference materials and flux comparators [6]. For short-term irradiation in Ch2 Au (10 pg)
was employed as a comparator. o ;

Certified reference materials were used for quality controls: Lichen IAEA-336 and
Cabbage IAEA-359 (International Atomic Energy Agency); SRM-1573a (tomato leaves) and
SRM-1633b (coal ash) from the US NIST (National Institute of Standards and Technology).
For long irradiations the reference materials were packed together with samples”in each
transport container. The reference material showing least deviation between measured and
certified values of elemental content was chosen. . , , -2

The major disadvantage of NAA is the inability to determine some elements like Cd,
Tl, Pb, Bi. The reasons are a combination of very low activation cross-sections, activation
products with. very short half-lives, and the emission of radiation not suitable for gamma-
spectrometry detection. For this reason the contents of some environmentally important
elements like Cr, Ni, Cu, Zn,-Cd and Pb were determined using atomic absorption
spectrometry at Institute of Geology at Faculty of Natural Sciences at Comenius University
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3. Results and Discussion

The results of descriptive statistics (min, max, median, avera

applied to the experimental data are presented in the Table 1.

Table 1. Concentrations of elements [ng-m™] in atmospheric aerosol

ge, standard deviation)

Element I‘Ll;mmt;::f Min Max Median Average ::,?;?;: :
Na 16 59° 308 104 129 72

Al 16 40 912 189 261 223
cl 16 32 102 49 56 20

K 16 72 290 195 184 - 67
Ca 16 54 312 179 175 91

Sc 7 0.007 0040 ° 0.032 0.030 0.011
Ti 15 32 14.1 7.8 7.5 3.6

v 16 0.28 1.62 0.83 0.92 0.43
Cr 9 0.3 8.1 1.1 1.7 2.5
Mn 16 1.9 8.6 T 49 49 2.0

Fe 5 85 285 252 204 85

Ni 6 0.39 0.90 045 0.51 0.19
Cu 15 4 27 8 10 7

Zn 15 20 45 28 30 8

Ga 4 0.018 0.024 . 0.020 0.020 0.003
As 7 0.11 0.71 0.30 0.39 0.21

Se 7 0.13 1.01 0.42 0.45 0.31
Br 16 1.7 8.6 3.5 3.6 ‘1.7

Rb 3 0.0001 0.0003 0.0001 0.0002 0.0001
Cd 14 0.02 0.40 0.11 0.14 0.10

In 14 0.0004 0.0149 0.0010 0.0036 0.0045 -
sb 7 05 19 1.0 11 05
I 16 0.28 1.65 0.66 0.78 0.36
Cs 6 0.030 0.072 0.045 > 0.048 0.018
Ba 15 0.7 3.8 2.1 2.1 0.9
La 6 0.038 0.166 0.085 0.089 * 0.049
Sm 7 0.002 0.016 0.012 0.011 0.005
Dy 14 0.002 0.016 0.010 0.010 0.004
Tm 6 0.025 0.144 0.098 0.090 0.054 "
w 7 0.05 0.82 0.22 027 026
Au 7 0.0001 0.0007 0.0002 0.0003 0.0002 -
Hg 6 0.01 0.56 0.06 0.19 024,
Pb 15 10 81 22 28 20
Th 5 0.005 0.080 0.042 0.039 0.028
u 16 0.005 0.019 0.012 0.012 0.004 -
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A correlation analysis was performed but as presented in the Table 2 no significant
correlation between the elemental concentrations and meteorological parameters was found.

Table 2. Linear correlation coefficients between elemental concentrations and some

meteorological parameters

Pressure Humidity = -  Precipitation Temperature Wind
Na -0.05 -0.13 -0.05 0.43 <032
Al -0.25 -0.32 T 032 0.65 " -0.29
ct -0.23 029 -0.20 0.70 -033
1 4 0.08 0.48 -0.31 0.09 -0.63
Ca -0.14 . 035 -0.20 : 0.63 -0.41
Ti 0.01 0.29 020 - 0.55 -0.42
\ 0.14 0.52 -0.17 -0.12 -0.23
Mn -0.07 012 -0.40 0.59 -0.44
Cu 20.14 -0.34 -0.25 0.45 -0.06
Zn 0.25 0.19 <033 0.06 -0.58
Br 0.61 0.57 -0.43 -0.39 -0.46
cd 0.49 0.30 -0.05 -0.35 -0.30
In 0.02 0.04 0.25 0.01 0.02
In 0.09. 0.44 0.1 - -0.68 0.01
Ba 018 031 -0.04 . 0.60 -0.32
Dy -0.04 0.02 -0.15 033 -0.65
Pb -0.06 <027 0.15 030 -0.33
U -0.15 0.13 -0.23 0.59 -0.51

The increased concentrations can be caused by intensive vertical mixing within the
troposphere typical for the hot season and hence stronger re-suspension from the Earth’s
surface. Generally it can be concluded that the air temperature is the main factor influencing
temporal variations of elemental content in low-level atmosphere. ]

The correlations with other “meteorological _parameters are seldom observed;
nevertheless their influence is also important and very complex.

The one-week sampling period is quite long compared with the typical time scale of
variations of meteorological parameters so that the correlation ‘might be underestimated.
Measurements over more than one year would be needed to truly prove the trend of seasonal
Variations. For the other elements the concentrations are relatively stable over the year.

Weak correlation between: some elements (Al, Cl, Ca, Ti, Mn, Ba, U) and the air
temperature was observed. Most of these elements are of terrestrial origin, although they may
also be emitted as fly-ash from the combustion of coal, and as dust from other mineral-related
activities. ’ L ' ;

The concentrations of these elements also indicate seasonal variations over the year
with elevated values in summer (Fig. 1).
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4. Conclusion

-

For the first time an extensive range of elements was determined in air filters in

Slovakia. This is also a first study dedicated to seasonal variations of the elemental content in
atmospheric aerosol in Bratislava. The temporal variations of some elements, mainly of
terrestrial origin were observed. Higher values in summer season may be explained by
increased wind activity within the troposphere. Measurements over more than one year would

be needed to really prove the trend of seasonal -variations.
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Fig. 1. Air temperature [°C] and temporal variations of concentrations of some elements /
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[ng-m™] in atmospheric aerosol in Bratislava during the year 2004,
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Atmosphere reflects the industrial activities in the country hence systematlc and

comprehensive monitoring is important in order to assess the potential environmental hazards
connected with air pollution. The data may be useful as reference values for comparison with
the future measurements of pollution in Bratislava’s atmosphere.
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Abstract i
Higher plants are used as monitors in the heavy metal pollution monitoring in the
areas where lichens and mosses are absent. The Tamarindus Indica (TI) is a widespread fruit
tree, which culturally or wildly grows in tropical and near-tropical areas. Thirty-nine samples
of the 7T leaves collected over Hochiminh City have been used in heavy metal pollution
monitoring of the city. Seven samples of the T7 leaves collected in Cangio, the control region
60 km south-east of the Hochiminh City, at the seaside of the Pacific Ocean, have been used
to assess the control level of pollution. A total of 35 elements has been determined by the
epithermal neutron activation analysis. Mean elemental concentrations of samples collected in
the two regions have shown the relative pollution situations of the two areas and have been
used as the base for discussion. The obtained results have béen compared with the literary
data on other similar deciduous trees. ' :

1. Introduction
Due to rapid urbanization and industrial development in recent years, the pollution has

caused serious damage of the environment in Vietnam. Thus, the monitoring of heavy metals’

and other toxic elements in the urban environment has become an essential part of
environmental planning and control programs in Vietnam. Until now in Vietnam air pollution
has been studied by a number of monitoring stations for controlling the content of gas exhaust
and the atmospheric deposition studies were carried out almost only by using filters 2
Biomonitors such as fish, mussels, aquatic biota * and bird * have been used for environment
studies. In Vietnam the environment biomonitoring is at the initial stage. -

Biomonitors provide a measure of environment pollutant accumulation and expensive

- technical equipment is not involved in their sample collection. The use of mosses and lichens
as biomonitors of atmospheric deposition is a well-established technique >%; similarly, the
plant needles and plant leaves have been used to monitor the extent of pollution %2,

Owing to the subtropical and tropical geographical location of Vietnam, lichens and
mosses are hardly found there, and so in the present study Tamarindus Indica has been used
as a biomonitor for studying atmospheric pollution. The 77 trees have been chosen as a
biomonitor due to the following circumstances: '

¢ they can grow widely in the tropical and near-tropical regions (but there is the
necessity of the first T/ propagation)

e TI fall period is easy to be distinguished and leaf samples can be collected at
almost the same exposition time

2. Materials and method
Study area
The 46 leaf samples of 77 have been collected from different sites in the Hochiminh
City (inner city and suburbs — 39 samples) and in the rural district Cangio (7 samples)-
Figurel

»
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Hochiminh City is the largest city, the greatest port, the commercial and industrial
center of Vietnam, with a population of approximately 6 million people (2004), producing
one-third of the country’s industrial output of Vietnam. There is an airport, shipbing terminal,
many focuses of the country's highways and a condensed system of roadways, waterways
over the city. The land area is about two thousand sq. km; the meteorological position is

- 10°47’ N, 106°40 E, and 10 m alt. Alluvial soils are the principal soil type and the rest is the

gc;d sgl;);l)agg soil. These soils are generally slightly acidic (Hochiminh City groundwater pH:

Cangio covers the entire estuary of the Saigon-Dongnai river system; its greater part is
the mangrove saline soil and the rest is the acid sulphate soil. This is the biosphere reserve
region, recognised by the UNESCO. The soil has a high content of nutrients and a pH of 5.8 —
6.5 but in mangrove areas, pH fluctuates widely, between 4.5 and 8.8 1. :

In the two regions, the climate is generally hot and humid. The relative humidity
mainly varies around 80%, which significantly varies between the dry months (December —
April: 75 — 80%) and rainy months (May — November: 85 — 89%). o R

'

Hochiminh City: black
line circle .
Cangio: dot line circle -

Figurel. The position'of Hochiminh City, Cangio region and the 46 sampling sites 7

Material . .

Tamarindus Indica L. (syns. T. Occidentalis Gaerm.; T. officinalis Hook.), of the
E@nﬁly Leguminosae; most of its colloquial names are variations on the common English term
_tamarind”. The tamarind is one of widespread fruit trees, which can culturally or wildly grow
In tropical and near tropical areas. The tree tolerates a great diversity of soil types, from deep
alluvial soil to rocky land and porous, oolitic limestone. It withstands salt spray and can be
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planted fairly close to the seashore. Besides, the T existence somewhere is dependent on its
first propagation. The tamarind is mainly propagated from seeds dispersed by animals
(rummants man, monkeys...); other methods of propagation are cuttings, budding, and
grafting'?.

The Tamarindus Indica is a deciduous, evergreen tree; it does not lose its leaves at one
time, unless some reason damages the tree. The leaf lost because of tree damage and the one
at fall period are easily distinguished by observing the tree and its features. The Tamarindus
Indica leaf is a complex leaf consisting of many small leaves, which are lost gradually in the
fall period (Figure 2). Thus, the sample leaves collected in this period are almost at the same
exposition time of about seven months.

All the leaf samples were collected from T7 trees at the height of 1 to 2.5 meters with a
trunk diameter of 8 — 30 cm except for the trunk diameter of 40 — 100 cm at site 32. At each
sampling site, leaves of at least two to four trees were taken and combined to one collective
sample. The sampling was done in July, 2005, and July, 2006, following the instruction of
samplm§ procedure for analysing ajr pollution effects on forest of the UNECE ICP vegetation
project

Figure 2. Tamarindus Indica leaves: from young to ‘fall‘peri_od< "

Neutron Activation Analysis (NAA)

The leaf samples were dried at 40°C to constant weight of about 04g, were heat-
sealed in polyethylene foil bags for short-term irradiation and packed in aluminium cups for
long-term irradiation in the channel equipped with a pneumatic system in the pulsed fast
reactor IBR-2 in Dubna. Neutron flux density characteristics and temperature in- the
irradiation channels are shown elsewhere '*,

e To determine the short-lived isotopes, samples were irradiated for 3-5 minutes and

measured twice after 3-5 minutes of decay for 5 — 8 and 20 mmutes respectively, at

channel 2 (Ch2).

e Elements yielding long-lived isotopes were determined using Cd-screened channel

1 (Chl). Samples were irradiated for 4 days, repacked, and then measured twice after

4-5 and 20 days of decay, respectively. The time of measurements was 45 mmutes and

2 hours 30 minutes. :
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e The gamma spectra of the samples were measured with the Ge(Li) detector with

the resolution of 2.5 — 3 KeV for the ®Co 1332 KeV line or the HPGe detector w1th

the resolution of 1.9 KeV for the ®Co 1332 KeV line.

e Data processing was carried out using the software developed in FLNP — JINR.

Elemental contents were determined on the basis of certified reference materials and

comparator fluxes. :

Quality control

The QC content of elements yielding short- and long -lived isotopes was ensured by
using the certified reference materials: (RM) Lichen 336, soil SL-1 TAEA (International
Atomic Energy Agency) and the standard reference materials SRM-1633b (coal fly ash) from
the US NIST (National Institute of Standards and Technology) -For long irradiation the three
reference materials were packed together with 10 - 12 samples in each transport container.

Statistical analysis

Factor analysis is a multivariate statistical technique to reduce the number of vanables
and to detect the structure in relationships-between variables, or to classify variables. The
factor analysis has been successfully used in the air pollution studies. It simplifies a large and
complex data set of many variables in such a way to create new factors (the number of new
factors ls smaller than that of original variables) which make it poss1ble to explain the original
data set '

The purposes of using factor analysis in our study ‘were to define the common factors
(independent pollutlon sources) and to calculate their factor loadmgs

3. Result and discussion

Results

Table 1 has shown mean elemental concentration values of 35 elements determmed in the
Tamarindus Indica leaf samples from 39 sites in Hochiminh City and 7 sites-in Cangio district
and the ratio of the mean concentrations of two regions (CuowCeas) for every element. Besides, the
ratio of the Hochiminh mean concentration to the minimum one (of all the samples) for every
element (CucwCmin) is presented in this table. The elements have been found in most of the samples
except for mercury (Hg), which has been found in 19 samples (17 in HCM City and 2 in Cangio).
Besides, silver (Ag) has been found in 14 samples in the concentration range of 0.01 -~ 0.5 ppm
only in the HCM City samples.

The mentioned data of humidity, soil type and mean pH of the two studied areas have
been slightly different hence, it was supposed that these conditions have affected 1ns1gmf cantly to
the obtained results.

Table 1. Elemental concentration (ug - g”) in leaves of Tamanndus Indica and of
other deciduous plants ‘

VIETNAM POLANDZ 51“55;'2‘ CANADA
samples collected in HCMand | Ciow/' | Chaw | g samples collected atone | &XP- fime:” [ - exp. time:
CG (exp.time:-7 months) | Crin | Cowgio | - site, gxp. fime: ~ 7 months * | UTKO¥M |~ Smonths
HCM | CANGIO | Minal | o.. — T
{mean) | (mean) sam;gl.) Rato | Rato ! Mean Mean Mean ~
Bt T T.! T | (%) | Wilow | Linden | Birch Ctus | . Oak
NA [ 2100 | 3800 160 { 131 | s » . 160 87
MG | 3700 | 5400 1000 37| 15 | 1640 | 3000 | 2750 | s800 3200
AL | 450 260 120] as| 17} 7-[ 1302 ] 48 | 1507 92 .. 14
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cL | 5600 | 11000 260 | 215 16 145
K | 7400 | s500 200 34| 13 | 15 18200 6600
sc | oo07 0.04 001| 70{ 18 | 20 0.01
cA | 33000 | 33300 8000 | 41 5 | 21667 | 37200 | 25133 | 31500 20000
cR | 15 05 0.4 30 | 40 28 8.93 31 08

v 12 05 04] 30| 24 | % 0.09
MN| 70 110 1206 | 58 5 572 | 942 | 2533 2 %
Ni 15 3 05| 30 30 | 58 763 47

FE | 420 300 100 42| 14 | 15 | 2000 [ 772 | 2823 %
co | 03 05 002 | 150 2 002
N ]| 45 30 1| 41] 15 [ 12 | 3123 | 619 | 5747 29
SE | o4 0.05 0.015 20 | 35
AS | 04 0.2 o1l 40] 20 | 15 3.1

BR | 50 110 17| 204 13 . 8.2 1,04
SR [ 9 175 5| 180 3 744 | 935 | 709 75
RB 12 6 15 80] 20 15 4.84
Mo | o1 0.08 0.05 40
SB | 01 0.03 00t5{ 67| 33 | 2 0.04

| 25 18 09| 28| 14 | 15 N 0.08
BA | 21 5 17| 124) 42 | 5 | 203 | 772 | 920 21 2
cs | o2 0.06 0015 133] 33 | 15 0.098

LA 1 1 02| 50 20 0.19
CE 2 25 03| 67 18 028
sM | o1 0.1 002| 50 15 0.025

T8 | 001 0.02 0004 |- 25| 25

HF | 002 0.01 0009 22| 20 | 30.
TA | 001 0.005 0.002 20 | 40 : 0.24

W 05 <0.1 0.06 40
AU | 001 | <0005 | 00009 40

Hg | 041 <0005 | 0002 45
TH | o007 0.04 001| 70| 18 | 16 v
u | 002 | <om 0002 | 100 2 0.08

Except for the elements derived from the marine environment and Ni, concentrations
of all other elements characterising metal contamination have been from 1.3 (K) to 4.2 (Ba)
times higher in Hochiminh City samples than in those of Cangio. The ratio Crcm/Ceangio has
shown the relative difference of elemental pollution levels of the two regions. ‘

In using the concentration minimum Cp, (of all the samples) of the element as the
background concentration value, the ratio Cicw/Cmin has shown a possible value representing the
relative difference of Hochininh City pollution level and a possible background (for the
element). A comparison of the two values CrcwCeango and Crcw/Crmin could give a preview
about the contaminated situation of Cangio; thus, the Cangio elemental concentration values
have been used as a referent data and have not been the background values. Cangio has bee?
contaminated by the impact of its neighbour regions such as Hochiminh City and Vungta%
the oil industry region. Moreover, Cangio covérs the ends of the river system; hence, it 18
polluted by the water discharge flowing into the river system.

The Ni median concentration in the Cangio samples is 2 (3/1.5) times hlgher than that
in the samples of Hochiminh City, for Co this value is 1.7 (0.5/0.3). Nickel ‘is the
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characteristic element of oil product and cobalt compounds are naturally present in coal and

oil. Shipping routes and oil spills are the obvious sources of the high Ni and Co content in
Cangio. From 1992 to 2004, there were 12 oil spills with the volume of more than 100 tons
and many smaller ones in the Sai Gon — Dong Nai River system'”. The result corresponded to
those of other authors 135,

Table 1 also shows mean concentrations of elements existing in other dec1duous leaves,
which are as follows:

» The citrus leaves of unknown exposition time (reference material SMR-1572 of NIST

+ The Canada oak leaves® of five month exposition time,

» The willow, linden and birch leaves collected at one site (their exposition | tlme is about

of 6 — 7 months) in western-south Poland in October of the vegetation season of 20002,

The number of elements determined in 77 leaves shows its ability to accumulate a
large elemental spectrum. By a rough comparison of the elemental extents of 77 leaves to those
of other deciduous leaves, the 7T leaves show an average ability of elemental accumulation for
most of elements. '

Factor analysis

The principal component analysis (PCA or another name - factor analysis - FA) was
used to identify and apportion sources of contamination, which contribute to an elemental
concentration data set of samples (receptor). The fundamental principle of this application is
the source/receptor relationship and no assumgnon is made about the change in relative
composition between the source and receptor *“. If large changes in relative composition
occur during transport, the source may become unrecognised. The source/receptor model is a
good model for metal air contamination studies using mosses or filters.

In this study where plant leaves were used, FA has been used to study sources of 23
elemental pollutants from the 35 detected elements showed in’ table 1. The plant macro
nutrient elements such as K, Ca, Mg were excluded to' avoid unwanted changes in relative
composition between the source and receptor. Besides, the elements charactensmg seawater
such as Cl, Na, Mg, Ca Br, Sr have been excluded from FA to decrease the umnterestmg
variances.

Table 2. Factor loading matrix after the Varimax rotation and expklajnedvyariances ;

Element Factor 1| Factor 2 | Factor 3 | Factor 4 | Factor5 |~
Percent of variance 26 20 12 12 T .
Cumulative percent 26 46 58 70 77

AL 0.93 0.12 0.17 -0.06 007 |-
sC 095 0.06 -0.02 -0.02 0.18

CR 0.34 -0.15 -0.06 0.30 0.72

v 0.68 0.20 0.04 039 -0.01

NI G 0.69 0.01 0.10

FE - 0.92 0.02 20.01 0.06 0.14

co 0.15 - 0.66 ° 5] 0.10 . =001

ZN 0.03 . 046 0.02 0.13 0.61 .
SE 0.02 013 0.61 0.35 -0.20

'AS 025 -0.04 - 046" - 0.63 --0.03

RB -0.08 013 | 089 0.02 -0.01
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SB 0.37 -0.12 -0.01 0.04 - 0.60
BA . 0.21 -0.08 0.77 0.34 0.21
LA 0.18 0.85 031 0.01 -0.10
CE 0.10 0.92 -0.00 -0.14 0.03
SM 0.16 0.89 0.15 -0.09 0.01
TB 0.00 0.91 -0.16 -0.03 -0.04
HF 0.78 -0.09 0.06 0.21 - 016
TA 0.56 0.10 -0.03 0.56 031
w 0.15 -0.00 0.20 0.77 0.29
AU 0.02 -0.13 0.08 091 0.06
TH 0.96 0.10 0.12 0.00 0.06
U 0.69 -0.14 -0.01 0.29 0.17

For plant micro nutrient elements, an insignificant change in relative composition between
the source and receptor has been supposed. FA has shown a reasonable result for most of them
except for nickel (Ni) and cobalt (Co). The loading factors of Ni and Co have been -0.41 and -
0.54; it has been supposed to relate to the redistribution of these élements in plant parts as Ni is
required in nitrogen metabolism and Co is required for nitrogen fixation. Nitrogen (N) is a macro,
mobile nutrient.

Using FA of five main factors could explain 77% of the total variance. Factor loadlng
after the Varimax rotation and explained variances have been presented in Table 2. The five
factors could characterize sources of different elements in the 77 leaves as follows.

Factors 1, 2: (26% +20%) are complex factor representing the soil component with a'

high loading for crustal elements associated with each other (Al, Sc, Fe, Hf, Th, RE...) and V
(Zn) suggesting the road dust shaken by traffic. This complex factor has possessed the highest
variability 46% of the total variance; the factor apportionment (46%) reflects high
construction activities and transportation activities of the Hochiminh City.

Factor 3: (12%) comprises the elements Se, As, Rb, Ba; it could relate to statlonary’

fossil fuel combustion and other industry incinerators.

Factors 4, 5: (12%+7%) represent sources of local industry activities such as Zn, Sb,
As, which could relate to the non ferrous metal sector, Cr, Zn to the metal finishing processing
sector and Ta, W, Au to other industrial activities.
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AN. Tyukavkin', V.E. Zhuchko' =

! Joint Institute for Nuclear Research, 141980 Dubna, Russia;
’Moscow Engineering Physics Institute, Moscow, Russia;

Abstract. The MiniFOBOS spectrometer was used for studying the reaction ~>U(ny, f) at the IBR-2
reactor in FLNP of the Joint Institute for Nuclear Research. The experiment was aimed at searching
for manifestations of the collinear cluster tripartition gCCT )} channel and investigation of fine
structures in the fission fragments TKE-M (total kinetic energy vs. mass) distributions. The first
experiment aimed at studying of new multibody decay modes in fission of actinides at low excitations
was performed at the FOBOS setup at the Flerov Laboratory (FLNR). The effect of CCT- was
confirmed recently in the experiments of our collaboration in JYFL (Jyviskyld, Finland). T

—_—

INTRODUCTION

-

This report is devoted to methodic aspects of the experiment on studying of the reaction
ZUng, f) using double-armed time-of-flight spectrometer of fission fragments (FF). The first
results obtained are presented in this issue in the separate report. o

EXPERIMENTAL SETUP

Our experiment was performed using miniFOBOS spectrometer installed at the channel 6B
of the IBR-2 neutron pulsed reactor in FLNP of JINR. Neuron bursts were coming with 5 Hz
frequency having 320 ps width. A 20meter long mirror neutron guide was used in order to
suppress the background of fast neutrons and gamma-rays at the setup position. In order to
increase intensity of the neutron flux the neutron guide was filled with argon at a little bit
more than atmospheric pressure. Due to this an increase in flux by approximately factor of
two was achieved. The neutron beam was shaged with the collimator fabricated from
cadmium. The area of the slot did not exceed 1 cm”. We had about 10° n/cm?/sec at the target
position. L

The scheme of the experimental setup is shown in fig. 1, an overall view of the
spectrometer is presented in fig. 2. The miniFOBOS setup devised in FLNR JINR s the
double arm time-of-flight-energy- spectrometer based on the standard detector modules of the
40 spectrometer FOBOS [1]. One of the main advantages of the FOBOS spectrometer
consists in independent measurement of the velocity vector, mass and charge for each fission
fragment without any kinematical assumptions about the reaction mechanism. Due to this
feature one can study not only binary reactions but multibody decays as well.

' This work is supported in part by the Grant of the Department of Science and Technology of South Africa
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1 cm?Collimator M 10° n/en/sec

Target H>
25 o8

FIGURE 1. Scheme’of the experiri'}enlal setup. Here: 1-start avalanche counter; 2-position-sensitive
: .. avalanche counters; 3- Bragg ionization chambers.

FIGURE 2. Overall viéw of the spectrometer.

Each detector module used consists of position-sensitive avalanche counter (PSAC) and an
axial Bragg ionization chamber (BIC) which registered the full energy-loss distribution
_ (Bragg-curve) of the fragments stopped within the gas-volume. The value of the residual
energy is calculated by the real time digital processing method {2]. The system of processing
of a BIC signal includes a charge-sensitive preamplifier, a Bragg-curve digitizer and a digital
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processor. Due to the algorithm of its work a constant “step” before the signal is automatically
subtracted. It leads to only one parametric calibration “channel vs. residual energy”.

The drift time of a track formed after stopping of the fragment in the gas-volume of the
BIC is known to be linked with the fragment nuclear charge. Corresponding parameter was
measured as a time difference between PSAC signal and the signal from Frisch grid of the
BIC.

Specially designed start- detector is a symmetrical double-sided avalanche counter (SAC)
with an internal target (fig. 3). Thanks to such design the start-detector delivers proper “start”
signal even for multlbody events. An actlve layer of the target was prepared by evaporation of
100 pg/cm? of 2 35U isotope on a 50 u.g/cm thick Al;O; backmg

AN

FIGURE 3. Start detector overall scheme (a) and exterior view at working position (b). Here: active layer of
354 on Al O3 backing (1); cathode (2), anode (3) entrance windows (4).

A special remote computer—controlled pumping and gas supply system was developed. It

consisted of two independent channels which included SAC and both PSACs (pentane filled):

from one hand and BICs (filled by the standard mixture of 90% of Ar and 10% of CH,) from
another. The gas pressure in the start-stop detectors and BICs was ~ 600Pa and ~ 11*10° Pa
with the stability 1.5% and 0.8% respectively. It should be stressed that for guaranteeing the
necessary stability of the time drift parameter mentioned above both pressure in the BICs and
temperature in the experimental hall must be stable. Therefore the temperature of the cave
with the expenmental setup and the electronics box were supervised by.air-conditioners..The
vacuum in the reaction chamber does not exceed 5*10 torr due to the leakage through the
windows of the detectors. All detectors were, operated in a ﬂow through regime. Sufﬁcnull
gas exchange rate was chosen expenmentally

Due to essential radiation background in the experimental box the remote control of the
spectrometer electronics was applied via local network.

DATA PROCESSING

Thus five parameters have been registered in each spectrometer arm: time-of-flight (T OF)
to be time difference between the signals delivered by the SAC and the PSAC, residual
energy (Er) of the fission fragment in the BIC, drift time and X, Y coordinates of the point
where a fragment hits the PSAC.
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The stability of the data was tested by checking of average values and dispersions of the
basic parameters such as TOF, drift time and amplitude of the BIC signal for every thousand
events. Relative instabilities revealed proved to be the same order of magnitude as the
expected experimental resolutions therefore no corrections were made.

The next stage of the data processing is a coordinate calibration of the PSACs. It was
performed by comparison of an image in the PSAC of shadow zone from the supporting grid
of the window:foil of the BIC with known geometrical parameters of the original grid. The
spatial resolution of the PSAC amounts to 1.5 mm.

Then a calibration of the time-of-flights was performed. The procedure consists in
determination of two calibration parameters of linear time transformation from channels to
nanoseconds:

TOF*=T(ch)*dT/dk+T0 ‘ , ,

where: ,T(ch) is an experimental TOF in channels,
TOF? is a corresponding TOF in nanoseconds,
dT/dk, TO are the calibration parameters.

The slope dT/dk of the calibration line was determined with a help of the precision time-
calibrator in each spectrometer arm. As for TO the idea of our approach was to find such
coefficients TO that both experimental mass (Mrr) spectrum and peak positioris in the velocity
spectrum would be consistent with those known from the literature [3, 4]. In reality the
thicknesses of the SAC foils were also the parameters to be précised in the frame of the same
procedure. The schemes of the timing channel and the computer code devised are presented in
fig. 4. ‘

a resultant spectrum| compare
& Y(m,), V">, , b

values with the reference values;
for 10%events

setd, . T0,,

) - ” .
i i
T - new event]
for each specific event PR N
set V=, m, "L -~ :

"start” detectors

r‘z‘—g -1:*"*.—7——7 et e
10,

calculate

Ceamamen

compare TOF, , with TOF""_Z? -
exit parameter; m .
L ]

-..I accumulating: Y(m,), @« } .

FIGURE 4. An overall scheme of the time calibration. As can be referred from a sketch of the timing
channel (a) experimental values of time-of-flights of coincident fragments TOF ®?, , should differ
from corresponding *“true” or “emission” values due to the energy losses in the foils of start detectors.
But just emission values of the FF velocities and spectrum of the My masses known from the
literature can be used for fitting unknown parameters what leads to rather complicated procedure (b).

See text for detail.

All variables are shown in the scheme (fig. 4b) by the underlined symbols. At the first

- Stage initial values of T0,, 2 and thicknesses of the SAC foils d ;, » for both spectrometer arms
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are set (upper box in fig. 4 b). The procedure (based on the MINUIT minimization code [6]

from CERN program library) generates these values in the outer minimization cycle marked .

by the dash-dot line in fig. 4b. ,

The inner minimization cycle marked by the dashed line deals with a specific event.
Parameters V'™, and MUy are varied in the frame of Nelder-Mead algorithm [7] in order to
fit current calculating values of TOF to TOF™® being a function of parameters T0,,2 defined
earlier in the outer cycle. The fragment charges Z,, 2 needed for calculating of energy losses in
the start detectors are calculated using unchanged charge density hypothesis. Mrrand ¥ M are
the exit parameters of this cycle (see central box in fig. 4b). One calculates these values event
by event accumulating spectrum Y(Mrr) and mean values <V°™>; 2 until enough statistics is
collected (bottom box and doted line in fig. 4b). e

The resulting Myt spectrum and mean velocities are sent into outer cycle (dash-dot line in
fig. 4b) for comparison with those known from the literature and so on.

Fig. 3 presents the velocity and mass spectra of the EF from 5U(np,f) reaction. Our results
agree well with the literature data [3, 4].
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The next stage of the data processing is a calibration of energy (E)-channel. It is not trivial
procedure because only less than half of the initial fragment energy is actually measured in

- the BIC. Big energy losses are mainly due to the thick entrance window of the BIC. It is an

“the empty circles.

evident cost for high aperture of the spectrometer. The idea of E-calibration consists also in
fitting of the current spectrum of the Mre quasimasses to the known one. Corresponding

_approaches both to E-calibration and mass-reconstruction were already discussed in our work

[8]. Here the same procedures were exploited. The spectrum of the Mz masses in comparison
with the literature data [9] is presented in fig. 6. -

~+=—MiniFOBOS " .
— » — Meek&Reeder [9]
Meek mod.

0.0401
0.035 4

0.030 1

0.025 4
0.020 -

Relative yield

0.015
0.010+
0.0054

0.000 t frrrrreey rere iR |
60 70 80 90 100 110120 130 140 150 160

‘MTE {a.m.u.)

FIGURE 6. Comparison of the FF mass spectrum obtained from the TOF-E analysis with the
‘ literature data [9]. S o

For illustration of an influence of the mass resolution onto the shape of the spectrum a
convolution of the spectrum from the compilation [9] with the Gaussian (6=3a.m.u.) is shown
in the figure (black line without points). In our data the “tails” streaming to the symmetry
partition are partially due to mass resolution and mainly due to scattering of the fragments on
the BIC grids. - te )

The next figure 7 demonstrates good agreement between Mrr and Mrg masses calculated
with the procedures mentioned above. Black points in the figure were obtained by subtraction
from each mass number mean number of emitted neutrons known from the literature' [10].
Thus by definition the ordinate of each point is equal to the mean Mqg mass (<Mrg>) for the
M7 value being the abscissa of the point. In order to compare this expected relationship with
the experimental one we collected Mrg spectrum for each Myt mass and calculated mean
value of the spectrum. Only events with approximately equal momenta were selected. This
ensures a rejection of the scattered fragments from our consideration and improves Mrg mass
resolution for the selected events. Corresponding experimental values are shown in fig. 7 by
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FIGURE 7. Correlation between the mean mass <Mre> and expected value Myr —v (Myr), where -

v (Mrr ) is the mean number of neutrons emitted by the fragment with mass M. See text for details.

CONCLUSIONS

Full time of the experiment is equal to 6 weeks. From them 200 hours (27 %) have been
used for the precise adjustments of electronics and experimental setup. No time was spent for. -

calibrations thanks to the approach chosen to the data processing. All in all almost 9*10°
fission events were collected. Only small part of them has been rejected by criteria of
instability and-incompleteness. Thanks to harmonious work of the scientific groups of two

laboratories high quality data were obtained and they will be applied for studying ra;c

processes in nuclear fission.
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THE THEORY OF THE T-ODD CORRELATIONS IN TERNARY
FISSION

Bunakov V.E.!, Kadmensky S.G.?
IPNPI, Gatchina 188300, *Voronezh State University, Voronezh 394006

Abstract: The quantum version of the unified description is presented for the two T-odd
effects observed recently in ternary fission induced by polarized neutrons. The effects are
explained by the influence of the rotating fissioning system Coriolis interaction on the
angular distributions of the light charged particles in the interier and exterier nuclear
regions.

The quantum approach is compared with the classical trajectory one.

1.Introduction. 5

-

A few words on the hystory of the problem. In our previous papers [1-3] we developed the
theory which explained the earlier observed (see e.g. {4]) T-odd correlation of the type:

G [k, k]

in temnary fission induced by polarized neutrons. Here &, is the neutron spin, while ELF and

-

Ea are the momenta of the light fragment and the ternary particle (usually alpha) emitted in

ternary fission. This correlation, which was called TRI-correlation, was described by the
differential cross-section of the type:

d*o
dQ,.dQ,, ki
The experimental geometry was chosen in such a way that the directions of the unit vectors
0, and ELF were parallel to the y and z axes, while the vector E,, varied in the (x,y) plane.

=B, + D, '5-n[ELF Etz] 1)

The effect measured was defined as:
p=2"% @
o, to. .
where o, and o. stand for the differential cross-sections with the neutron beam positive an_d
negative helicities. The magnitude of the effect for the Py target was about -3'10'3. Itis
important to point that this magnitude and the sign of the effect were practically independent
of the angle 0 between the vectors &, and E,, in a wide range of angles around 6~90°. .
However, the recent measurements [5] for the By target demonstrated the existencc.Of
the new effect, which was called ROT. Contrary to the TRI, this effect does not change with
the inversion of either &, or k,but changes its sign in the vicinity of 8~90°. This effect i
rather well reproduced [6] in the classical trajectory calculations of the alpha-paﬁicle
emission in the rotating Coulomb field of the fission fragments with the anﬁgular momentum
of about few h, equal to the total spin J of the polarized fissioning nucleus 2oy which appears
after the absorption of the polarized neutron by the target nucleus. The inversion of th
neutron helicity causes the inversion of the J direction and, therefore to the inversion of the
system’s rotation direction. This leads to the slight shifts of the alpha-particle angulal
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distributions with respect to the direction E,_F ~of the light fragmen; emission. The effective
angular velocity of the fissioning system’s rotation was estimated in [6] as:

= R
=P J '—“0— ) » 3
ch ( ) S n (€))

where S is the moment of inertia of the fissioning system and P(J) is the compound-nucleus

 polarization, resulting from the absorption of the neutron with polarization py:

32211+31 Dp = J;;lpn Jor _J=I;l-1/2
P)=1>@*D @)
=3P ' for J=1-1/2

The magnitude of the vector R (called the angular momentum of the nuclear collective
rotation) was related to the values of the total nuclear spin J and its projection K on the
nuclear symmetry axis (which coincides in our coordinate choice with the direction of the
fragments emission, i.e. with z axis):

R=nJJ(J +)-K* ‘ G

Already here one can see some inconsistency. Indeed, one might expect that after the
absorption of the neutron with spin directed along the-y-axis, the total spin J (and not R!) is
polarized along this axis:

P(J)—<J’>
T

Since for K#0 the directions of J and R can not coincide, equation (3) seems to be rather
questionable. Even in the case of K=0 one might expect the rotation velocity of the system
around the y-axis to be: - i : :
<J,> <J,>
Q=22 202 _pipd ©)

3 J 8 S : =
rather than (3), (5). . : . .

The classical trajectory calculations of the alpha-particle angular. distributions in ternary
fission without the fissioning system’s rotation usually reproduce the experimental data fairly
well. However the precision of those calculations in the description of the quantum system’s
rotation with the angular momentum of the order of h and the rotation angle 50<1° might be
questionable. ‘

A more detailed analysis of the experimental data indicates that both TRI and ROT effects:
contribute simultaneously. However. the reason why the TRI-effect dominates for 233U target,
while the ROT one prevails in the case of 2*U, remains unknown. The experimentally
observed lack of correlation between the signs of both effects [5] also can not be explained in
the framework of the classical approach. . S S i ,

In the present paper we shall demonstrate that our earlier developed approach [1-3].
(see also [7]) allows to give the quantum description of both effects and to show the possible

” reason of the difference between the effects observed in the two uranium isotopes. We shall

_also show how the difficulties of the sign correlation and of eq. (3) are resolved in this
approach. : - : : .
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2. The products’ angular distribution for the ternary fission induced by
polarized neutrons with account of the Coriolis interaction
The basic idea of our quantum approach [1-3] was exactly to consider the influence of the

fissioning system collective rotation (fixed by the &, direction) on the ternary particles’
angular distribution. In the intrinsic coordinate system of the fissioning nucleus this means

considering the Coriolis interaction in addition to the nuclear and Coulomb ones. In this case :;

the total Hamiltonian of theternary particle interaction with the rotating system in classical
mechanics would be: ‘

J-l
3
Here [ is the ternary particle angular momentum, €2 is the angular velocity of the system’s

rotation, J is the system’s angular momentum and 3 is its moment of inertia. One can see
already from (7) that by the inversion of the neutron beim polarization (i.e. by the inversion

H=Hy,-Q-I=Hy- %)

of the vector J sign) one makes the emission of the temary particle either easier or more

difficult. This might serve the quasi-classical explanation of the TRI-effect.
In quantum mechanics the Coriolis interaction operator is usually [8] written as:

-

. B oo~ -
H, =—7U,Il +J.1 8
Cor 25(+— -+) ()

The operators J , and l: change the projections K or K; of the angular momenta J and ! on:
the deformed nucleus symmetry axis while acting on the function D, (@) and the spherical -

function Yl.Kz (-Qa) :

T D (@) = JT £K)J F K +DDjy 1) (@) - (82)

1Yy, Q) = JUFK)IEK, +DY, ;. 1, (Q,)

Using the technique of [1] in order to take into account the Coriolis interection in the ‘
first-order perturbation theory, we obtain for the ternary fission differential cross-section:

d’c

— = B\(Q,;5Q,)+B(Q,Q 9
dQ, ,dQ de 0(21F,R24) (rr,R24) &)

Here the quantity £ is related to the ternary particle energy Ez by the equation (see [1]): ‘ . o
£ =arccos+/x , where x = E / E™*  while E5"™ is the maximal energy of this particle

EF™ =Q (A +4;))/A, Az are the fragments’ masses, A is the mass of the fissioning .

nuclei and Q. is the total kinetic energy of the fission products’ relative motion in the c

channel.
The first term in (9) describes the angular distributions for the reaction with unpolarized

neutrons and is proportional to the modulus squared of the amplitude 4, of this reaction. The
second term is defined by the interference of the 4o amplitude with the amplitude A% of this

reaction with account of the Coriolis interaction. It'is convenient to choose the coordinate -~
system which corresponds to the experimental geometry — the vectors &, and k. directed
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 along the y and z axes, while the vector I;a lies in the (x,y) plane. Then 0 is the angle between

the vectors E,j and Ea , while @=0. With this choice we obtain for (9) the expression:
d20, d20,0 d20.Cor ’
dQ.de  dQ de  dQ_de (19

The part of the differential cross-section d2c° / dQ ,d & , which is independent of the neutron

- polarization is given by the expression:

d*c® _ z e
dQ,de 2021 +1k2, -; x | B> 1| 7 | b b, Tog, (20, + 1)

n

an
XZI d (&) d,. (&), (Q,)Y,,(2,) cos(a_\'},s'!,v +8,(8)=6,.(¢)).
m :
Here k, is the neutron wave-vector, / is the target spin, the factor
Jrl:
hJs — sn
* E-El+ir!s 12

is the capture amplitude of the neutron with energy E into the resonance with spin J;, energy

= 1) |exp(id,; ) (12)

2, . . J . . .
E7*, partial neutron width I";} ‘and total width " ;" . The fission width of the neutron
resonanance into the channel c is:

dnds 2
Ly, ek, = bdé: | Lek,» 13)
where I’ X, is the transition probability from the pre-scission state with the quantum number

K, into the channel ¢, while the quantity
Joo J
sKg csléx (14)

bsjlgs =a
contains the probability amplitude a;’,;’ to find the component with the quantum number K in
the wave-f}mction of a given neutron resonance and the amplitude c;’,;: of the transition from
this resonance via the transition state with quantum numbers J; , Kj to the scission point.
Due to the complete K-mixing [9] in neutron resonances the amplitude a;’,}‘_ has randdm sign
and the average value < (aJJé: )2 >=2J, + 1)™. The coefficients d;(€) and the phsase

shifts & (£) define the temary particles’ angular distribution for the reaction with
Unpolarized neutrons.
The phase shifts &, 1,61, Of the interfering neutron resonances are defined as:

0s, =0,y =8,, ‘ - (15)

lfltroducin g the amplitude Ac0 (,,€)of the temary particles’ angular and energy
distribution in the absence of the Coriolis interaction:
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ANQ,.&)=D | d, (&) |exp{id, (£)} ¥, (R,) =] AN(Q,.&)|explid’}, (16)
1
one can write eq.(11) in the form:

d*c® V14 J oyt 1y
B || B2 | b2 b2 T, (21, + DX
dQ de 2(21+1)k2,,‘,£;,(|~ 5152k B T, an

xcos(d,, ., ) AN Q. ) -

The amplitude AfO'(Q € ) of the alpha particles’ angular and energy distributions which

takes into account the Coriolis interaction can be represented as a sum of the two parts
corresponding to the even and odd values of the alphas’ angular momenta £:

Cor £
ArCor (Qa,e) — Zl dgor(E) l ets‘:l &) (Y;,—l(ga) _ Y;,] (Qa)) =
' (18)
= A ren) (R €)

c(even) €xp {lacevcn } + A((z‘:dd) (Qd ? E)lexp {la:ioo:id) } ’

where the coefficients dS*" and the phase shifts S5 take into account the Coriolis

interaction. -
It is convenient to choose the coordinate system which corresponds to the experimental

geometry — the vectors &, and E,_F directed along the y and z axes, while the vector Ea lies in
the (x,y) plane. With this coordinate choice one can represent the differences s

[I’;,_I(Qa) -Y, (Qa)] of the spherical functions in (18) as:

I RV

Gn[kLF ‘ka]{ao +a1(kLF ‘ka) +...} (19)

for the odd £ values, and : S

= r T WE .k Ry

O, kg ko 1k p ko )b + b3k ko) +.} (20)

for the even £ values. Then the amplitude (18) can be written in the form: :
6CW o

C clev
Accor(ga’E) Oulkpr - -k ](kLF ka)l c(g:en)(ga’e)le ) + L

@n
C c dd
+0 [kLF ka]l (gzrid)l 2 ’,

where the functions F (even)

CO' (Q £) and ACZ;d (Q,,€) provided one substitutes the differences

(Q ,E) and F c:;d (€2,,€) coincide with the ampli;i;dés

[I’;,_I(Qa) -Y, (Qa)] of eq.(18) by the expressions in the curly brackets of eqs.(19) and
(20).
Now by using the technique of [1] we can obtain:

d2o_Cor PaTt z

1719 dg 2(2I+1)kn ss'J o J g cKy
. * 0 _.

XEK I,y IA (Qa’g)l{l C?Z(’id”sm((ij s +5 c(odd))a [kLF -k, 2]t

| c(even)lSin(é‘sJ_‘:'./s- +5€ C;(;:))o- [kLF k ](kLF k )}

|B]< |11y |bg bk Tex, T, + DRI +D X .

:,(’22)
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The ratio (d”"/d,)=10? here defines the magnitude of the observed effect caused by the
Coriolis interaction (8) . The factor g Ky coming from the non-diagonal part.of the density

matrix p;;,;' (see [1]) has the form:

_— A(J,,J,.)[\/(Js YK (I, - K, +1)Cls

- (23)
"\[(Js - Ks)(‘,s +K, +1)CJ l(K +1)—1]
where
’ !J +1
A(J J .I Sy J +1 .I Je
(24

’2] +1 2J,+1
2‘]: Js.d g0l 2(1s+1) g d g1
with J, =T +1/2, J_=1~1/2.

As pointed earlier (see, e.g. [10]) the conservation of the K quantum number implies
that the fissioning system can not be thermalised on.its way from the saddle-point to scission.
Therefore the superfluid correlations in the neck enhance the formation of alpha-clasters with
the orbital momentum £=0. The admixture of the states with £#0 is caused by the long-range
Coulomb potential of the fragments (pre-fragments) acting on the alpha-particle [11}:

_ 2 _ 2
VC()ul = 2(Z 2)e + 8(Z 2)e [ + 2AA )( )P(COSB) +
R R Z-2 A-4
' (25)
16(Z - 2)e* - 2)e ( ) P,(cosO)=VS , +V2 +V2,

Here R is the distance between the fragments centers, r is the distance between the alpha-
particle center and the center of mass of the whole system; Z and A are the charge and mass
of the fissioning nucleus. The quantities AZ=Z;-Z, and AA=A-A; characterise the charge and
mass asymmetry of the fission fragments.

Now the dipole component Vgou, of this potential dorhinating in the interior region r<<R

adds the cluster states with the orbital momentum {=1. The quadrupole component Vc

oul
which dominates in the exterior region =R adds the states with the orbital momentum £=2.
The first sum in the curly brackets of (22) corresponds to the odd £ values and is proportional
to sin0. Therefore it has a maximum at 8=90° and changes only slightly (from'1t0 0. 87) in the
range 60°<0<120°. This sum is responsible for the TRI effect.
The second sum corresponds to the even £ values and is proportional to cosf. Therefore it
changes sign at 0=90°, It is responsible for the ROT effect.
Thus, if the Coriolis forces act in the interior region (r<<R), where the dominant dipole term
of (25) admixes £=1 to £=0, then we have the TRI effect which was descnbed in our earlier
publications. If, however, the Coriolis forces act in the exterior region r=R then the dominant
quadrupole term of the Coulomb potential admixes the even £ values to £=0. This leads to the
ROT effect. ‘ '
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As seen from (22) both effects are T-odd. However the TRI effect changes sign with the
inversion of each of the three vectors (&,,k,, and E,, ), in agreement with the experimental
observations. This, as well as the form of dipole term in (25) shows that the TRI effect is
caused by the charge and mass asymmetry of the fission fragments. The ROT effect changes
sign only with the inversion of the neutron beam polarization (&, — —G,) since it is

connected with the quadrupole term Vc which is independent of the charge and mass

oul ?
asymmetry. Exactly this is observed in the experiments [5].

In general both correlations should contribute to the observed effect (and, as pointed
above, the experimental data do indicate this). However the TRI correlation dominates for the
By tar;et while the ROT one dominates in the case of 2*U. Both fissioning compound
nuclei (P*U and #%U) are the neighbouring even-even isotopes whose fission modes q and **
fission channels c practically does not differ. The charge and mass fragments’ asymmetries
are also practically the same. Even if the K quantum numbers of their transition states are
different, our exp. (22) shows that this would only affect the common K-dependent factors in
front of both correlations, thus enhancing or hindering both effects simultaneousely. ‘
Therefore the question arises — why are the ratios of TRI to ROT contribuions to the BC"’
values so different for those two targets?

The only possible source of this difference might be caused by the different energies and
other parameters of the interfering neutron resonances contributing to the effects. This wonld

lead to the appearance in €q.(22) of the different phases &, 5dys' Ty coming from the 1nterfer1ng
resonances. If the phase difference in the arguments of the sines is about zero for the leading .

even [ -values the ROT effect is suppressed and we have the dominant TRI one, and vice ‘
versa.

3. The special case of isolated resonance and comparison with the classmal
approach

Consider now the special case of isolated neutron resonace which is a rather rare
phenomenon for the fissioning nuclei where the typical ratio of the total width to the

resonance spacing is (I/D)~0.3. Then only one term §,J, = 5',J . contributes to the sums in
(17), (22) and those differential cross-sections are:

‘Plbf PT. 27, +DIAF o)

d’c® Zl
dQ, de 2(21+1)k2 x

n

| hs |2|b T, (27, +1)g | A? |x
dQ de 2(21+1)k:; Kol DK Kelds

FC 5C
x{a, [kLF ka] F(oad) sm(c‘i Octodd)) +

d2 Cor

7N
C
+ 8,k g -k 1k 5 Ko )F, ?g:en) sin(8 - Oc(eveny)}
Here the phases 6;., ¢, =0and
8x,,0, = A(J:’Js)['\/(‘,: + K)J,-K, + l)cjjl’i‘;(,—l)l = 28)

-JU, -K)U, + K, +DCIf
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It is interesting to compare these results with the classical.approach [6] where the angular
velocity Q¢ which defines the magnitude of the ROT effect was estlmated by the eq.(3) with
the polarization of the compound-nucleus spin given by eq.(4):

2143 _J+1
p. for J=I+1/2
P(J)= 3(211+1) 3J

29

~=Dn for J=1-1/2

3

We shall show now that this expression does not take into account the specific features of
the fission channel for the deformed nucleus with the axial symmetry. The wave function

‘I’I‘;,K of this nucleus takes into account the fact that its eigenstates are always doubly-
degenerate in the sign of X, Therefore it contains with equal weights the contributions of the
functions D,;',K (a)) and D;,
M on the laboratory z-axis, but also on its projection K on the nuclear symmetry axis. The
average values of the system’s spin projections on the axes i=(Xx, y, z) are defined as:

<J{(K)>= Y pae <Wipg | ;| i > (30
MM

K (a)) depending not only on the total spintJ and its projection

J . : e p - -
Here Oy is the density matrix defined in ref. [1]. With our coordinates choice the
laboratory z-axis coincides with the direction of the light fragment, while the y-one coincides
with the direction of the neutron spin polarization: Now we can choose the Euler’s angles 7}
to be zero, so that the axes of the laboratory and 1ntemal systems comcxde Then we can
replace the operators J of the spin projections on the laboratory axes by the prOJectlons on

the internal axes in (30) and - use the expressions similar to (8a). As one should expect, the
only non-zero projection with this coordinate choice would be the y-one: :

<J(K)>=<]J (K)>=gKT”p noo e,

n

where g, is defined by eq.(28) and contains the expllclt dependence on the K-values This
means that the ﬁsslonlng system rotates around the y-axxs with the angular velocny

J
Q,U, K)——§<J(K) >= 55 P8 =g () (32)

23
The quantity P, (J) here means the polarization of the system with the fixed values of J and
K: \

_<J(K)> p-g -
P (J — .} KJJ 33 i
x(J) 7 27 33)
Using now (31) and (28), we obtain: ‘
J 1 2 :
%2”3 pn  for I, =1+1/2
9,0kl G4
- T AD-K*h o
Gab 2P o, =1-112
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As mentioned above the coefficients d gf" take into account the Coriolis interaction.

Therefore our quantum exp. (27) contains the coefficient #i2/ 23 andis proportional to the‘k
angular velocity .Qq (J,K) in complete analogy with the system’s rotation angle in the

classical approach [6].
If several transition states with different K-values contribute to fission then it follows from

(27) that the effective rotation velocity is:

e ' J
QF =3 |6} P T Q,(J,K)=|bL T, 5
K K

. L . Jy 2y 4y J. 2
If all the K-values contribute to fission (i.e. all the coefficients Ib_‘KJ |“=| A, Ck, | equal

P (J) 35)

their average value (2J, +1)7"), then the polarization Py (J) of eq.(33) is averaged over all
the K-values and - el

1
—>. P (J)=P()) , 36
(2”1)%1(() ) (36)
where P(J) is defined by (29) used in [6]. It is well known that neutron resonances in
deformed nuclei posess no definite value of the K quantum number, as a result of the
complete K-mixing caused by the dynamical enhancement of the Coriolis interaction [9].
Therefore for isolated resonances, induced by polarized neutrons their decay into . various
neutron and gamma channels is governed by the factor (29). However for sufficiently.low
neutron energies the saddle- point in the fission channel selects only one-two values of K

corresponding to the lowest collective excitations. Exactly this specific feature of the fission

channel prohibits the use of egs.(3)-(5). :
Notice that the K-dependence of the angular velocity (34) is rather strong. Indeed the value

of €2, (J,K) changes by the factor of (2J+1) for K changing from K=0 to K=J. This leads
to the additional enhancement of the small K contributions to the TRI and ROT effects.
The ratio of the corresponding angular velocities (34) to 3)

J

o ——  for J=1+1/2
Q" =%JJ(J+1)—K2>< (11“) G7)
cl 7 for J=J-1/2

varies by the numerical factor of 0.5—2 for J=3, 4, while their signs coincide. Howevfe‘r:the
sign of the ROT effect is defined not only by the sign of Q but also by the function

Sin((sco - §§zcen)) in (27)whose sign is defined by the leading even {-values contributing to

the effect. i
But most important is that the isolated resonance approximation can not explain the

difference of the effects in the two neighbouring uranium resonances. As already pointed this

difference can be explained only by the neutron resonances’ interference in eq. (22).

4. Summary .
1. The account of Coriolis interaction in the framework of the quantum ternary fission theory
allows to explain both observed T-odd effects.
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2. Both TRI and ROT contribute always, but their relative contribution varies (confirmed by
the preliminary experimental data), T

3. The changing ratio TRVROT arizes ONLY FROM THE RESONANCE INTERFERENCE
EFFECTS and can’t be explained in classical approach,

4. This interference affect the value and the SIGN of both effectS (via the signs Vof b;" ,

8k,4,s, and of the phases' differences in the sin arguments of (22)). Therefore in general the -

sign of TRI is not correletaed with the si gn of ROT.,
5. Contribution of different transition states affects the value of both effects simultaneously
but does not change the TRIROT ratio '

6. The relative TRI/ROT ratio (as well as their relative sign) should vary for the same target
with the variation of the incident neutron energy E, which considerably changes the phase

shifts &, o, = & J; =95y, of the interfering resonances. (Therefore this energy variation

should be larger or of the order of the energy spacing between the neighbouring neutron
resonances, i.e. of the order of: eV). : : ;
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THE ESTIMATION OF SCISSION NEUTRON PARAMETERS
FROM N-N ANGULAR CORRELATIONS

LS. Guseva, A.M. Gagarski, G.A. Pgtrov,' V.E. Sokolov, G.V. Val’ski

Petersburg Nuclear Physics Institute of Russian Academy of Sciences
Gatchina, Leningrad District, 188300, Russia

Abstarct

The arzléular dependences of neutron-neutron coincidences rate in spontaneous .
fission of ““Cf from the experiment [1] were compared with the results of calculations .
based on the Monte-Carlo method for different neutron registration thresholds in the
range 425+1600 keV. From this comparison it was concluded that 10-11% of total .+
number of neutrons in 2*Cf(s.f) are emitted isotropicaly and probably can-be attributed -
as “scission neutrons” arising just at rupture moment. The presented analysis has
allowed also to obtain energy distribution of this isotropic component. The similar
procedure has been applied also to the description of the.neutron - neutron angular -
correlation of prompt neutrons from **U(ng,f) reaction.

It is well established that a major part of prompt neutrons evaporates during the -
fission  process from fully accelerated fragments. Such conclusion can be drawn,
because instead of isotropic neutron distribution in laboratory system one can observe
(see Fig.1 and Fig.2) a significant arising of neutron yields in the direction of light
fragment motion, this means 0°, and in the opposite direction [2]. In the first case a
part of neutrons emitted from heavy fragment is small and the total spectrum is very
close to the neutron spectrum produced by light fragment. On the other hand at 180°

3

107y K.Skarsvag & K.Bergheim
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Fig.1 Neutron yields in the lab-system for different angles (0°, 90°, 180°) relative to light
fragment motion direction as a function of neutron energy. The solid lines are the results of
model calculations with assuming that neutron evaporation goes from fully accelerated
fragments.
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the contribution of neutrons from light fragment is negligible and the neutron spectrum
is shaped by heavy fragment. B e : e

The peculiarity of neutron spectra at these angles can be used to determine the
temperature parameters of light and heavy fragment, respectively. On the base of these
temperature parameters and taking into account final velocities of accelerated
fragments one can calculate the neutron yield in any direction of the lab-system.

If we compare (Fig.1) experimentally obtained and calculated neutron spectra in
slow-neutron-induced fission of *U at the angle of 90° relative to the light fragment
motion we can see that the first values exceed the second ones. This leads to a
conclusion that a fraction of the total number of fission neutrons can be emitted
isotropically in laboratory system of reference. » LR

The same inference may be deduced from a comparison of : experimental and
calculated angular distributions integrated over all values of neutron energy. The
figure 2 also shows the necessity of additional neutron yield at the angle of 90°. It is
assumed that neutrons of isotropic ‘
component can appear just after the
rupture - point (so-called. “scission”
neutrons). '

With the aim to investigate the
process of neutron emission the
coincidences between - prompt
neutrons from fission' were also
measured [3,4]. 'The orientation of
fission ‘axis in such kind of -
experiments is not fixed and the -
number of neutron-neutron
coincidences for - specified angle
between neutrons is integrated over.
its orientation. For this reason the .
curves - of - neutron-neutron angular
distribution - are planer than . for . ‘ ;
neutron-fragment  distribution. The : ] U e
ratio between maximal -and minimal 0,00+ ‘30 60 90 - 120 150 180
values in.this case is near two, while : : : -
the count rates of neutron-fragment
angular distribution for 0° and 90°

—e— experiment ]
T, = - - - model calculation

o

w

o
N

0,05 -

The number of neutrons per neutron per sr

Angl‘é, deg.

Fig.2. Angular distribution of neutrons integrated
relate as 9:1 and as 4:1 for 180° and over all«neu;ron energy in thc)reag:tion & U(s,f)
90°. : fomf2;. -
Such experiment for investigation of neutron-neutron - angular. correlations ‘ in
spontaneous fission of **?Cf was realized recently in PNPI [1]. The results of angular
dependence integrated over all neutron.energy values were connected to six different
energy thresholds. This allowed us to -get some information not:only about the
contribution of additional component but also concerning its energy distribution.. . .-
The values of energy threshold were obtained in process of corresponding time-of-
flight spectrum fitting. Every time-of-flight spectrum consists of y-y, n'n and y-n
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components. The first two components are in the middle of measured spectrum (‘:‘a;’
and “b” in Fig.3, see also [1]). Especially the scopes of the last one, this means “c”,
determine the neutron energy threshold. '

300 T

2504
200
1504

100

Count rate, arb.units

[4.]
[=]
1

O “ v M T T T =
16b0 1Bb0 20b0 2200 2400 2600 2800
Number of channel

Fig.3. The example of time-of-flight spectrum measured in spontaneous fission of BCf:
which was used to determine corresponding neutron energy threshold. Position. of y-y:
component notates by letter “a”, “b”-represents n-n contribution, two letters “c” are placed-:
in that regions where y-n contributions dominate. The arrows show the scopes of y-n'\
component in the case of given neutron energy threshold. ‘

We had possibility to compare our experimental result concerned with the energy
threshold 750 keV and experimental data obtained by Pringle and Brooks [3] for
similar neutron energy threshold, namely 700 ke V.

In the Fig.4 you can see the Pringle and Brooks data with their Monte- Carlo
calculation simulating neutron-neutron coincidences in spontaneous fission of 32,
The simulated angular distribution was normalized in the range 89" +180°. It may be
seen that the simulation reproduces the form of experimental data reasonably well at
angles in the range 100°+180° but not for smaller angles. This figure demonstrates also
PNPI experimental data. Both data were normalized in the range 80°+100°. Here we
can see obvious discrepancy between two experimental data in the range 100°+180°.
The Monte-Carlo simulation of Pringle & Brooks can not describe not only their own
data but also PNPI experiment.

To determine the contribution of scission neutron component and its energy
spectrum the Monte-Carlo- calculations simulating neutron-neutron coincidences in

spontaneous fission of 232Cf were performed in PNPI. The result of this calculation for °

the energy threshold 750 keV is presented in Fig.4 by solid line. As one can see, our
Monte-Carlo simulation and experimental data are in a good agreement.
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2,0 *  PNPI, E,=750 keV
] ® Pringle & Brooks, E, =700 keV
1,8-{ 1

1
(I MC simulation Pringle & Brooks H
——— MC simulation PNPI

n-n coincidence count rate, arb.units

60 9 120 150 180
Angle between neutrons, deg.

Fig.4. Neutron-neutron angular correlations (experimental data with corresponding MC-
calculation) for neutron energy thresholds 700 keV (Prmgle&Brooks) and 750 keV (PNPI)
obtained in spontaneous fission of *2Cf.

At the first stage of this calculation it was simulated neutron emission from both
fragments with the addition of the necessary contribution of scission neutrons. The
averaged total multiplicity of emitted neutrons was taken as ¥ =3.76.

The actual number of neutrons evaporated by each fragment was chosen randomly
by two-dimensional Gauss1an distribution:

(VL,avL,V,_,avL,cov(v,_,vH)) v :
with experimentally defined [5] covariance cov(v,,V;)= —O 21 and known ratio of
averaged fragment multiplicities ¥, /V,, =1.2. ~ :

The neutron spectrum of each fragment was assumed to be Maxwelllan form [6]

NE)=WE EITY?). -exp(-E/T) ‘
with fixed temperature for light and heavy fragment, respectively [7]:
T, =0.947 MeV and T, =0.850 MeV .

We have performed two versions of calculation. In the first variant the isotropic
emission of prompt neutrons in fragment’s centre-of-mass system was assumed. On
the second way of calculation it was taken into account the presence of maximal
neutron emission an1sotropy concerned with the angular momentum of each fragment
(8.

In process of calculation were used ﬁnal velocrtles of llght and heavy ﬁss1on
fragments with the most probable masses. :

The We1sskopf distribution for scission neutron spectmm was assumed

N(E) (E/T ) exp( E/T)
Thus we had two free parameters (the contnbutlon of scission neutrons and

temperature) to fit experimental’data of n-n angular distributions measured w1th six

different energy thresholds
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The Fig.5 shows an influence of a contribution of scission neutron component on
calculated distribution. As we can see the more this part is supposed the planer
calculated curve is. An influence of temperature parameter on calculated curves is

E, =425 keV

E,, = 550 keV

more complex (more intricate).

2,2

204 "~

--- N, /N_=0%
——N,_,/N,_=10%

----- N_, /N, =20%

1,84

1,647~,

180

n-n coincidence count rate, arb.units

0 30 60 9 120 150
Angle between neutrons, deg.

Fig. 5. The calculated curves for neutron-neutron angular distributions corresponding to
different contributions of scission neutron component.

Nevertheless, in case of suggestion of isotropic neutron emission from fragments

all experimentally obtained n-n angular correlations are reasonably well reproduced
with one set of parameters, namely: the contribution of scission neutrons is about 10%
and temperature is near 0.8 MeV. If we take into account anisotropy of neutron
emission in the reference frame of fragment centre-of-mass [8], the result is not

changed significantly. In this case we had to increase the contribution of scission™

neutron component from 10% up to 11%.

Fig.6 demonstrates the set of experimental data of neutron-neutron angular-

distributions in spontaneous fission of 2Cf obtained in PNPI for different energy
threshold. The solid lines are the results of MC simulations corresponding to these
data. :

In spite of satisfactory description of experimental data in general, it is necessary to
mention systematic excess of experimental count rate at small angles in case of low
neutron energy threshold. The region of small angles corresponds to close position of
neutron detectors. In this. situation the double registration of one neutron simulating
spurious coincidence of two different neutrons is more probable. It is possible that
such false coincidences were not fully rejected by experimental setup. A second reason
for a small discrepancy between experimental and calculated data can be-some
inaccuracy of the calculation model. Although the correct neutron encrgy distributions
were used, in frame of this simple model We can not include exact correlation between
energy values of neutrons evaporated from one fragment, especially for the large
neutron multiplicity, but such events happen not very often.
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Fig. 6. Expe_rime_ntal data (PNPI) for angular distributions of n-n coincidence count rates
c.oncemed with different neutron energy thresholds in spontaneous fission of 2*Cf. The solid
lines are the corresponding results of MC simulations.
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The same method was also apphcd to describe neutron-neutron angular correlations
in slow-neutron-induced fission of 2°U. The results of calculation for three different
neutron energy thresholds are in a good agreement with experimental data [4], if we
suppose that the temperature of scission neutrons is about 1 MeV and the contribution
of these neutrons equals 15%. These values correspond to Skarsvag’s results [2],
which were obtained from neutron-fragment angular distributions.

7.5
6.0
45411
3,0
1,54
0,0

5

T
314
5]
1]

45
4,0
35
30|}
254]
2,0
15 e ipll] }
0 30 60 90 120 150 180
Angle between neutrons, deg.

n-n coincidence count rate, arb.units

Fig.7. Experimental data for n-n angular dlstnbutxons obtained by Franklin et al. [4] for three
different neutron energy thresholds in reaction >>U(ngow,f). The presented histograms are the
results of MC simulations (PNPI). }

Conclusions and remarks:

The estimation of scission neutron parameters from n-n angular correlatlons in
spontaneous fission of B2Cf gives us in case of isotropic neutron evaporation in
reference frame of fragment centre-of-mass the contribution of scission neutrons near

10% and nuclear temperature about 0.8 MeV with Weisskopf form of distribution. For )

slow-neutron-induced fission of °U these parameters are 15% and 1.0 MeV.
If we take into account the presence of neutron evaporation anisotropy in fragment

centre-of-mass-system the results do not change significantly - they increase by 1%. 1t .
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is necessary to mention that in our calculations the conccptlon of averaged neutron
anisotropy was used [8, 9]. In this conceptlon the suggestion is used that initial angular
momentum of each fragment lies in a plane which is perpendicular to a fission axis.
Such kind of anisotropy is very useful for neutron- -fragment correlation but if we
observe coincidences of two neutrons from one fission event it will be more correctly
to use anisotropy defined relative to axis directed along fragment spin. Although we
believe that such modification could not change appreciably the result of n-n angular
correlations, nevertheless the new version of calculation is under development.

This work was supported by INTAS (grant Ne 03-51-6417).
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STUDY OF THE MULTI-CLUSTER DECAYS IN THE NEUTRON INDUCED
FISSION OF 2U*

D.V. Kamanin', Yu.N. Kopach!, Yu.V. Pyatkov* !, A.A. Alexandrov', S.B. Borzakov',
JE. Lavrova’, Ts. Panteleev', A.N. Tyukavkin' '

1y0int Institute for Nuclear Research, Dubna, Russia
Moscow Engineering Physics Institute, Moscow, Russia

Abstract. First results of the experiment performed on the reaction B5U (n, ©) at the IBR-2
reactor using a two-arm TOF-E (time-of-flight vs. energy) spectrometer miniFOBOS are
presented. Different peculiarities in the mass-mass distribution of fission fragments were
revealed, which are presumably linked with a new multibody decay channel similar to those
observed by us earlier in B2Cf(sf). We also observe fine structures in total kinetic energy vs.
mass distribution of fragments akin to those already found for other fissioning nuclei.

INTRODUCTION

In a series of experiments devoted to the investigation of spontaneous fission of **Cf w§ '
have found multiple indications of unusual at least ternary-decay channel called collinear .

cluster tripartition (CCT) [1]. For better understanding of the physics of the effect we planned
to investigate different fissioning systems at different excitations up to the threshold of the
nuclear shells survival. One of the reactions chosen- was 28U + “He (40 MeV). The
corresponding experiment was performed recently in Jyviskyld (Finland) [2]. Another one is
presented here.

EXPERIMENTAL SETUP

Double arm TOF-E (time-of-flight vs. energy) miniFOBOS [3] spectrometer was installed
at the beam of thermal neutrons of the IBR-2 reactor in Frank Laboratory of Neutron Physics

of the JINR (Dubna, Russia). A sketch of the experimental setup is shown in fig. 1. For more ‘
details we refer you to our report devoted especially to the methodic of the experiment in this

issure.

counter and a big ionization chamber. Specially designed gas filled “start” detector (3) with
the target of the “*>U isotope inside is placed in the geometrical center of the spectrometer in
the collimated neutron beam (4). The detectors allowed us to calculate both pre- and post-
neutron fragment mass, velocity (momentum) vector, and the range of the fragment in the gas
of ionization chamber in each spectrometer arm.

t Work is partially supported by Russian Foundation for Basic Research, grant 05-02-17493, and CRDF, grant
MO-011-0.
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Each of the two spectrometer modules (1, 2) includes a coordinate sensitive avalanche

FIQQRE 1. Experimental setup used. Each of the detector modules 1, 2 includes both coordinate
sensitive avalancht.a counter and ionization chamber. Detector 3 provides “start” signal. The fissile
target located inside of the “start” detector is irradiated by the collimated neutron beam 4.

RESULTS

In our previous experiments when *?Cf was studied a bright peculiarity in the fragments
mass-mass plot was observed with out any selection of the events detected. We mean a

specific two-dimensional bump located below the locus of conventional binary fission events
[4] (fig. 2a). :

Mb (amu)

v == T T
%0 60 80 100 1200 ' 140 180 0 ; ' 0 o 2 H &
. . 200 4 66 B0 100 120 140 160
Ma (amu) ‘B‘P

' M2 (1)

b

252 FIGURE 2. %c;mparison of fragmcnps mass-mass distributions (logarithmic scale) oBtained for
Cf(sf) (a) and ““U(n,f) (b). Bumps under discussion are marked at both plots by the arrows 7 and 1
respectively. - ‘ ‘

As can be rc.:fer.red from fig. 2b, analogous bump is vividly seen there as well. In ordéf to
compare quantitatively the parameters of the bumps the mass-mass distribution in fig. 2b was
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analysed in the same way as it was done for Cf (sf) data [4]. Namely two-dimensional “tail” 2
was subtracted from “tail” 1 (fig. 2b). The corresponding differential spectrum (the bump
actually) is shown in fig. 3a. The projections of two-dimensional bump onto M1 and Ms axis
(where Ms=M1+M2) are shown respectively in fig. 3b and fig. 3c, respectively.
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FIGURE 3. Experimental peculiarities of the fragments mass-mass distribution from 2”U(n,f)"
reaction. Differential two-dimensional distribution (a) obtained by subtraction of “tail” 2 from “tail” 1
in fig. 2b; b-projections onto M1 axis of “tail” 1, “tail” 2 and their difference; c-projection of the‘ wl:
region in fig. 2b onto the axis of total mass M; of both detected fragments. See the text for details.

In order to verify whether it is only the light mass peak in the mass-mass distn’bution'wh.ich
gives rise to the bump lying below it, we compared the sections of equal width, correspondm'g
to the light and heavy mass peaks (shown in fig. 2b by double arrows 3 apd 4). Their
projections onto M1 axis are presented in fig. 4. The peak is vividly seen only in one of the

spectrum. > 7
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FIGURE 4. Projections onto M1 axis of vertical sections 3(a) and 4 (b) from mass-rhass"distributiori
shown in fig. 2b. Only one of the projections (a) demonstrates 2 bump (peak) marked by the arrow.
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FIGURE 5. FF momentum (a) and velocity distn'bution (b). The gates for §electiqn Qf the fission

events are shown by contours. -

Another manifestation of clustering was obtained by virtue of special processing of the
fragment mass-mass distribution. Selection on the FF momentum and velocity was used.
Fig.5a shows FF momentum distribution. The tails which stream from the main-locus are due
to the scattering of the fragments both at the grids of the “stop” avalanche counter and
ionization chamber. The FF velocity distribution is shown in fig. Sb.o ks

Using gate W1 we selected events lying exterior both to the tails and the main locus of the
conventional binary events. The resulting mass-mass distribution is presented in fig. 6a. It is
not uniform but looks like the right angle. As can be referred from the projection of the
“angle” onto the M1 axis (fig. 6b) the fragments with the masses in the vicinity of mass 70
a.m.u. prevail. , ' o :
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This tendency becomes more pronounced for the events complying simultapeously to the
gates W2&W3 (fig. 5b). Nothing but these events having both approximately ‘equa]
momentum and velocity of the coincident fragments are shown in fig. 7. ) ) '

Specific structure in the center of the plot attracts attention. It looks like a right angle with
the vertex lying at the plot diagonal in the vicinity of the point (68, 68) am.u. (fig. 7b). Using
the same kind of gating akin structure (rectangle) was revealec;s lgy us earlier in the mass-masg
distribution of the fragments from spontaneous fission of the Cf nucleus [5]. Some poipts
in the plot likely lie on the line M1+M2=const (tilted dotted line in fig. 7b). Corresponding
“missing mass” in this case is about 65 a.m.u. :
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FIGURE 6. Fission events from the box W1 in fig. 5a (a). Projection of the central “right angle” in =
fig. 6a onto the M1 axis.
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FIGURE 7. Mass-mass plot for the fission events having both approximately equal momentum and”

velocity of the coincident fragments (a). Specific structure in the form of the right angle is vividly ~

seen in the center of the plot. The vertex of the angle is located in the point. (68, 68) presumably linked
with the magic *®*Ni isotope (b). See text for detail.

278

.. In our previous works another type of fine structure in total kinetic energy vs. mass (TKE-
M) distributions of the FFs was discussed as well [6, 7]. The structure revealed in the FF
TKE-M distribution obtained in the frame of the “double velocity” method for the reaction
‘under discussion is shown in fig. 8. It is the result of subtraction of a smooth backing from the
initial distribution. ,

180 J
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155 3
1150 4

145 4

3
o .

140

75 .8 8 90 957100 - 105 110
i M(a.mu.) - '

FIGURE 8. Grey-scale map (black corresponds to the highest level of the effect) of the fine structure
in the FF TKE-M distribution from the reaction 2*U(n, f). Most pronounced snake-like structures
conforming to those observed earlier are marked by the dash curves. See text for details.

DISCUSSION

there are some comments to the plots presented here. . ] -
Figures 14 are linked with the “bump” in the FF mass-mass distribution. As we have
already stressed discussing the effect in Z*Cf(sf) [4], the bump manifests itself only in one
arm of the spectrometer while the difference between the arms consists uniquely in the target
backing on one side (in arm 1). Basing on the results of this work one can conclude that only
light peak of the FF mass distribution gives rise to the effect (fig. 4). It seems to be a strong
argument in favor of physical, not methodical nature of, the effect. The next point to be
stressed is that despite of substantial difference in the masses of the fissioning systems (252
and 236a.m.u.) quantitative parameters of the bumps for Z2Cf(sf) (a) and 2°U(n,f) are close to
each other. Really, the projection of.the bump onto M1 axis (fig. 3b) peaks at ~ 68-70 a.m.u.,
the masses which are associated with the magic Ni isotopes [9]. .In its tum, projection along
the direction of M1+M2=const (graphically along the lines tilted at 45° degrees to the M2
axis) looks like a wide peak ranging approximately from 200 to 212 a.m.u. (fig. 3a, ¢). In [4]
an observation of total mass of two detected fragments in this range was traced back to
preformation of a pair of magic nuclei (light and heavy), clusters by definition, in the body of

Detailed physical treating of the effects observed is beyond the scope of this report. Below
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the fissioning system. Conservation of this range while the mass of the initial system wag ‘f;

changed supports such hypothesis.

Figure 5b gives evidence of exceptional role of the proton shell Z=28 and neutron Subshe]
N=40 in the mechanism of a presumable multibody decay decisive for forming both Structyreg
(right angle and tilted line} marked in the figure. It is reasonable to suppose that just ®;
stands behind the mass 68 a.m.u. defining the sides of the angle. As for the tilted lipe it
corresponds to the “missing” mass ~'66 a.m.u. Calculating the most probable charge for N=4q
(unchanged charge density hypothesis, or roughly, Z..q hypothesis) one obtains the vajye
between 25 and 26 (Mn, Fe). Thus, this structure is also demonstrates a preferable yield of the
fragments with submagic number of neutrons. ‘

The structures discussed above are linked with at least ternary decay because the total magg
of two detected fragments falls far short of the mass of the mother system. For the moment we
are far from understanding of mechanism of the decays nevertheless it is clear that shej)
effects in the fragments (clustering) play a key role in the process. Original way to visualize
clustering in conventional binary fission consists in revealing fine structure of the FF TKE-M
distributions (6]. Snake-like structures marked in fig. 6 agree well with those obtained earlier
(6] within a little (- 4 MeV) shift along TKE axis. Presumably, the structures being the tops of
the ridges of the increased yields map onto TKE-M (or roughly, system elongation — mass
asymmetry) space most preferable trajectories of the fissioning system on the way to scission
[8]. The structures seem to be bounded by the lines corresponding to magic fragments (with
the masses marked in fig. 6 bg' the bold numbers) both in the light and heavy mass peaks.
From the left side it could be *°Ge (a shift on 2 a.m.u. relative to expected magic %Ge was
already discussed in [10]). From the right side one asymptotic line can be linked with the
magic 12851 and the next one with the *°Sn instead of double magic 132gn, Likely it is a
compromise value because mass 132 is too far from mass 128 obtained for Z=50 in the frame
of the Z.q4 hypothesis. Thus, the structures testify to the fact that ruptures can occur only in
the “neck” between two stable magic clusters. ‘ ‘

CONCLUSION

The main conclusion to be drawn from all results presented above is that they confirm in
essence the previous results obtained by us earlier for different fissioning systems. ~ -
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COLLINEAR MULTICLUSTER DECAYS OF Pu* ISOTOPES S
' Yu.V. Pyatkovl'2 for HENDES and FOBOS collaborations ’

"Moscow Engineering Physics Institute, Moscow, Russia
2] oint Institute for Nuclear Research, Dubna, Russia

- Abstract. In our previous reports we have presented some results on searching for collinear
tripartition of the excited Pu isotopes from the reaction *U + “He (40 MeV). Additional .
arguments in favor of existence of such decay mode are presented. Possible mechanism ‘of the

- phenomenon observed is discussed as well. e

INTRODUCTION

Earlier we have observed unusual decay mode of Bcf (sf) which was treated as “collinear
cluster tripartition” [1-4). So far experimental manifestations of this decay channel were
obtained in the frame of the “missing mass” method. It means that only two almost collinear
fragments were detected in coincidence and they were much smaller in total mass than initial
nucleus. Direct detection of all decay partners was-the main goal of the experiment under
discussion. In order to solve the problem a setup of high granularity should be used. Such
kind of S})ectrOmeter installed at the JYFL, (Jyviskyld, Finland) was chosen for studying the
reaction “*U+*He (40 MeV). The scheme of the experimental setup is shown in fig.1.

EXPERIMENTAL SETUP

plate)-based start detectors, Each: PIN diode provides both energy and timing “stop” signals.
Targ;t holder with two targets (100 |,1g/cm2 layer of =y evaporated on 50 ug/cm? thick ALO,
backmg each) was installed in the center of reaction chamber. The beam (FRC= 14.820 MHz
what gives ~ 67 ns interval between the beam bursts) was focused on the target into a spot of
5 mm in diameter by means of two collimators. Calibration procedures and reconstruction of
the fragment mass in the' frame of the energy-velocity method . are preSented in our recent
publications {35, 6]. S

L

The spectrometer includes two arrays 19 PIN-diodes each and two MCP (micro-channel

Artay
PiNs_1

ﬂ_l‘ ....... -8 o
e 307 50mkg ALO,
........ i I
{ .
570 30mxg € i
—

19 I 4 814 817
1 PINa 19TINs [beam
reay | BEAM wryl g

FIGURE 1. Overall scheme of the experimental setup (a) and additional information concerning its
parameters (b). -

281



Before coming to the results one essential peculiarity of the setup should be pointed out. It
is connected with a position of the “start” detectors namely in 51 mm from the target (fig.1b).
In the multibody decay the most faster from the fragments hitting “start” detector gives “start”
signal to be common for the corresponding arm. Consequently a velocity of this fragment
only will be measured correctly while others fragments detected in the same arm get shifted
velocity values. True (emission) velocities can be calculated according formulas in Table 1
where Vexp, Vemis — are, respectively, the experimental and emission velocities.

Table 1. Corrections to the fragments velocities

VaNr_:am Kinematical scheme of the decay mode Formula for calculation of emission velocity .
. A c '
2 fragments formed in the MCP detector fly in
1 | P - l - I—-|4> . -| the same direction:
L no corrections, i.e. Vemis= Vexp
. A

2 fragments (fragment C to be faster) were
formed in the target:
BVemis= 61.6/(56.6/ ®Vexp + 5.1/Vc)

2 fragments were formed in the MCP detector

but fly in opposite directions: -
CVemis= 66.8 / [56.6/Vexp - 5.1(1/ Vb-1/ Va)]

Altogether, about 40 millions binary fission events were collected. Besides binary, ternary
and quaternary coincidences were also detected in the experiment. Here we discuss one
specific group of events with multiplicity 3. a

RESULTS

Preliminary analysis [6] showed that the main part of the triple events detected are due to
the random coincidences of the fission fragments (FF) originated from conventional binary
fission with both scattered a-particles from the beam and ions of oxygen and aluminum
knocked from the target backing by the beam. Such events form pronounced loci in fig. 2a
(marked by the arrows). Both loci (1 and 2) are of the same nature but are linked with
adjacent bursts. For the sake of convenience the fragments in each temary event were resorted
in order of decreasing of fragment mass namely Ma to be the heaviest one and so on. A long
locus in the upper part of fig. 2a should be excluded from the further analysis. It follows from

fig. 2b were gating Ms<250 a.m.u. was applied.
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Figure 2. TOF versus energy detected in PIN
] for the lightest fragment in each temary event
- (a). The same under condition that a total mass
of all three fragments detected does not exceed
250 a.m.u. (b). Spectrum Y(Mc) for the events
6 included in window w1 (c). Each channel on

s 8
the mass axis corresponds to 0.5 a.m.u. The
P SN o ,ﬂnﬂﬂ”n 0 numbers above the peaks correspond to their
5 10 15 20 B3 ~
wewmey 0" centers.

axi?il::h(g&i ti};eﬁegv.e;f in the window w1 will be analyzed below. Their projeq;ion onto Mc
For searching for unusual events fig. 32 was used. Here a difference in time when “start”"
detectors were tripped by the fragments flying apart is plotted on vertical axis. ’I‘ht::1 tifxﬁgrgs
known to be approximately proportional to masse ratio of the FF’s from binary fission.
Grouping of the p.ointsj attracts attention. Corresponding groups are marked in the ﬁguré By
contours w2-w4. In its tum for instance set of events w2 looks like as some distinct families
of points (marked as w5-w8 in fig. 3b) on Ma-Mb plane. Pair of magic fragments which total
mass is equal to the mass of compound nucleus (242 a.m.u.) “starts” each family. We have
analyzed them event-by-event. Corresponding results are presented below. B '
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- - 130 TN TV PR VOV TVO FOTUT VO FUTIE T IO TPV SOPOTY
) WMastb = 242 a.m.u. ) .
% | (2] ] NG
. ; 120 . . .
N : o cdi"Pd : .
S ool . . 153 . . sn""Ru
- . herd 1 108,
3 .. e E 104 w7 ° . :T-I Mo
3 R & 105 - .
§ a0l 2 w5 M
o . R = 100 L
M .
. . w6
2004 o
w3 80 3 5 e R
b
a 85 “Bat'se :
) .
1mzu ‘Io ela aio 1! T T T T T 80 T T T T T T T T T .I T T T
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TOFa(ns) - Ma(@amu) ~ .

Figure 3. Time-of-flight versus time between “start” signals’ ‘e : ‘the wir

e 3. us tim signals (a) for the events gated by the window

;:!)l éFt;g'llxre_ 2a). Mass-mass distribution for the events selected using condition wl&w2y(b) See text
r detail. ) ' ' T '
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Table 2. Information which was taken into account at derivation of the decay scheme for each triple
event analyzed (example for an event from the family w5 in fig. 3b).

Point Ne parameter A B C . |Dcal Decay scheme

PIN number 205 111 208 128 108 6

4 M (amu) 1274 | 1078 | 108 | ‘He S'l‘ + Mo+ "He
V(cm/ns) 0.867 122 (2 missing
Efr (MeV) 49.9 835 | 226 i - ;4—R -u-
Parml(a.u.) 131.6
Parm2 (a.u.) | 132.3 12C from “start” detector
Ms (amu) | 246.1
Ma+b (amu) | 235.2

The following designations are used in the table above. Each column A, B, C, D (in order
of decreasing of fragment mass) involves parameters of specific fragment. PIN number — lets
one to know which PIN diode was tripped and in which arm. M, V, Efr — are, respectively,
FF mass, velocity and true energy deposited in PIN diode (PHD was taken into account).
Parm 1,2 — are total momentum of the fragments detected in a corresponding arm. Ms-is a
total mass of all fragments detected in this event, Ma+b — total mass of two heaviest
fragments. Dcal — is a mass of third fragment calculated using mass conservation law under
condition that reference mass of the decaying system to be 242 a.m.u. (a number of
prescission neutrons emitted in a specific event is unknown). -

For the event under discussion the following arguments were taken into account in order
to Testore a most reasonable decay scheme could provide the parameters observed in the
experiment. For three fragments detected momentum conservation law is met very well. At
the same time the total mass Ms is too large even in compare with the maximal possible mass

of decaying system (242 a.m.u.). One can surmise that the fragment C could be a Carbon ion:

knocked from the MCP detector foil. It is known from the Table 2, that fragments A and C fly
in the same direction (PIN numbers of both start from the amount “2”). Using Rutherford
formula for elastic scattering one obtains that the energy of C-ion scattered at zero angle
reference to the velocity vector of fragment A having energy Ea’= Efr_a + Efr_c should be
22.72 MeV, what agrees well with the experimental value 22.6 from Table 2. Experimental
values of masses of the fragments A and B are very close to the masses of known magic
nuclei 12Sn and '®Mo respectively. It is believed that just these nuclides to be the decay
partners. Conservation of nuclear charge and mass requires that the third fragment should
exist such as ®He by composition. It can be as well “He and two neutrons, 2 3H and so on.

The decay scenarios restored for the Sn/Ru mode are presented in table 3. The upper line
of the table provides the information concerning deformations and nucleon compositions of
the shells involved while capital letters in the brackets correspond to the shell minima loci in
[71. Unchanged charge density (Zyca) hypothesis was used for calculation for instance number
of neutrons in the nucleus with magic number of protons (ss Ru nuca=69.1) and vice versa. The
fragment which mass was corrected according the formulas 2 or 3 from Table 1 will be
marked by a corresponding number (for instance, 1837 2). Bold symbols in the decay
schemes correspond to really detected fragments.

All the cluster families listed in fig. 3b namely

18 Cd Nuca=154 (B2~0.8, “K’ ")/ 46Pd Nuca=72 (B2~0.8, “K’ ™),
zucd=s2Te g2 (2~0, “G”) ] zuca=a2 MO 66 (2~0.58, “C”), E
Zuca=s6 Ba g3 ($2~0.65, “H") / 38ST Nuca=60 ($2~0.38, “B’ ”)
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were analyzed in a similar manner. Lacking opportunity to present here the analysis in detail

we selected most interesting events in table 4.

Table 3. Summary on Sn/Ru mode (gaté w5 in fig. 3b).

. _ 50 Sn g2 ﬂlz’_O, “G’ n’ «Gn)/ “REMA‘B2~055‘-;C, »
oin! ‘ oint i
amber Decay scheme numt Decay scheme rl:om]t
81 + 'Ry - binary fission "5+ Mo + “He .
) | 14 1 missing ¢ 1960 + 1°Zr D 4+ *He + ‘He
’Be from "start” detector I . missing
3C from "start” detector 'Ry
130Gy 4 12pe _bi . -
) o 1“ binary fission 5 “‘In+’H' +n +1%Nb +Li 7 1404 + He + *Be +%Zr
3¢ from "stant” detector missing missing
lSOSn lllRu l3osn lllR“
5Sn + "Ru - binary fission
3 i
*F from "start” detector
. Table 4. Analysis of some selected events
E all 3 fragments were detected in the events below
vent ’ . ~ .
number Decay scheme . Comments
h(folccule after scission There are no shifts in the FF’s velocities, thus
------- - B (see scheme 1 in table 1) *He was born at |
122 113 e o af the
13 Cd + ‘He + Ru k‘[zCP dezector due to the decay of the molecule
> Cd + "He in inelastic scattering on the carbon
——————————— foil. o e '
ll9Pd .o : . L e :
’ 'sI‘h.ere are no shifts in the FF’s velocities, thus
A0 42 +He + "Ru Li was _bom at the MCP detector.: Namely, in’
&« — RN the scission pomt_def:aying system consisted of
14 ! two clusterized nuclei of Pd. After scission ’Ag
mCd’ 120py nucleus and the molecule 8Li+mRu fly apan.

: i Tl.le latter decays- due to inelastic interaction
with the nucleus of the converting foil. The
decay - products “continue to fly in the - same
direction. . T R

Scheme 3 from table 1 was used in
. reconstruction of the decay scheme, thus
u n o3 B was born at the MCP detector in a two stage
Pd + "Tc +BY process: -
______________ N o 11! E " ,', gy Ty
15 = 1. € ¥pg .1 Pcq > immediately after
Cd scission;

]
2. ¢ B, "'Tc-> after inelastic
scattering of '®Cd on the carbon foil
of MCP detector.
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Table 4. Analysis of some selected events

Also two stage process presumably took place:
1. "Ba + *Sr to be clusterized as
*H + 'Li + ®Se in the scission point;

- Table 5. Presumable scenario of the multibody decays observed

Expected configuration of the decaying

system -

Presumable evolution scenario.

b “Ba+°H form molecule to be equal by
composition to **’La, which was really detected.
"Li + ¥Se form also molecule till the 2-nd stage:
2. inelastic scattering of the latter on the carbon
foil:

€Li, ®Se (partners fly apart)

1. € ™Ba -®Sr> after scission;
2. € *Be, ¥Se> after inelastic scattering of
8Sr %8Sr on the carbon foil of the MCP detector

22

23

DISCUSSION

We observe some distinct “families” of events based on two magic clusters each: Sn/Ru,
Cd/Pd, Te/Mo, Ba/Sr. Experimental values of masses of the detected clusters prove to be
unshifted or in other words agree with calibration obtained at 2cf (sf) sours i.e. without
beam. At the same time the FF’s masses for the conventional binary fission (evidently
prompt) are a little bit shifted [6] likely due to influence of the beam on the MCP based
detectors. Such difference can be understood if the ternary events analyzed above originate
from the decays of isomeric states of Pu isotopes [8], the decays to be delayed by their nature
thus appearing predominantly between the bursts. :

Analyzing the decay schemes restored one can refer a following general rule. Each initial
cluster clusterises during an elongation of the fissioning system (secondary clusterization)
forming lighter magic cluster and at least one light particle. The mechanism seems to be close
to this standing behind a well known Ikeda rule [9]. A rupture of so prepared multi-
component system can occur along any one of several boundaries of the nuclei involved.
Light “remains” of secondary clusterization likely may unit into heavier nucleus (see event 14
from the Table 4).

After scission disintegration of such at least di-nuclear “molecule” can appear to occur via
inelastic scattering on the target backing or carbon foil of the “start” detector. It should be
stressed that we deal with long lived bounded states bearing in mind a typical time-of-flight (~
5 ns) between the target and “start” detector where a decay of a molecule is happened (see
Table 4).

At the moment it must not be ruled out that the ternary decays observed are of the same
nature as known “polar emission” of a-particles and protons [10].

CONCLUSION

Summing up the results presented we came to conclusions presented in the table below.
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In the reaction °U + He (40MeV) a shape-
isomer (presumably one of Pu isotopes) is built on
a pair of magic nuclei (clusters). - .

134-l-e 108M°

Evolving towards the scission point the elongated |.
configuration would. lead to possible secondary
clusterizations as shown on the picture. This
mechanism would generate not only heavy but
also lighter magic nuclei such as °He or *Be.

Scission leads to the formation of relatively
weakly bound but sufficiently long lived ‘nuclear
molecules” (or isomers) build on a magic nucleus
and a light cluster.

o | Disintegration of such a molecule can happen
0 spontaneously or be triggered, for instance, by
inelastic scattering in the target (U or backing) or
on the carbon foil of the “start” detector.
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INVESTIGATIONS OF THE ANGULAR DEPENDENCE OF .

NEUTRON-NEUTRON COINCIDENCES FROM **U FISSION -

INDUCED BY THERMAL NEUTRONS AND SPONTANEOUS
FISSION OF **Cf

V.E. Sokolov, G.A. Petrov, A.M. Gagarski, D.O. Krinitsin, D.V. Nikolaev, G.V. Val’sky,
V.I. Petrova, T.A. Zavarukhina .

Petersburg Nuclear Physics Institute of Russian Academy of Sciences, Gatchina,
Leningrad District, 188300, Russia

ABSTRACT

With the aim of the neutron emission mechanjsm investigation the angular dependence

of coincidences between the prompt neutrons from spontaneous fission of 252Cf have been

measured in PNPI (Gatchina, Russia). The same measurements in U fission are performed
at present. Thermal neutron beam from the WWR-M reactor is used to induce fission in
uranium target enriched to 90% of »y.

From the 2°2Cf and *U measurements at angles of 20° to 180° between the directions
of the fission neutrons it was found that the number of coincidences has minimum near 90°
and increases by a factor ~ (1.7 - 3) to 20° and 180° in dependence of prompt neutrons
energy thresholds. In the 220f  theoretical analysis with use of different thresholds for
fission neutrons energy the correlation could be adequately described by a simple
evaporation model, assuming isotropic neutron emission from the fully accelerated fragments
frames in their centre of mass together with about 10% isotropic scission component. The
measurements and theoretical analysis for angular correlation of prompt fission neutrons in
2334 fission are in progress. :

1. INTRODUCTION

A large fraction of the neutrons emitted promptly in thermal neutron fission can be
accounted for in terms of evaporation from the fully accelerated fission fragments. However
the origin of the remaining part (10-25%) [1-5] of the neutron emission remains in question. It
has been suggested that these neutrons may be emitted at the instant of scission {6,7] or
during the acceleration period of the fragments [8,9]. Models of the neutron emission rest
mainly on experimental observation of the velocity and angular distributions of the prompt
neutrons. The angular distributions being referred to the axis defined by the direction of the
light fragment. - -

The neutron-neutron (n-n) angular correlation experiment does not require the detection
of fission fragments. The observations are automatically averaged over all orientations of the
fission axis. The corelation is nevertheless sensitive to the characteristics of neutron
emission and provides a useful additional method for testing models of emission process.

There are few works [5, 10-11] devoted to the investigations of the (n-n) angular .

correlation in nuclear fission. But there are some vagueness and questions in obtained results.

We have measured the (n-n) correlation of prompt neutrons from the thermal neutrons

fission of 2°2Cf for different angles. The aim of the researches is investigation of the neutron

_ emission mechanism. The measurements from thermal neutrons fission of 3 are in progress
now and first preliminary results of the experimental researches are presented. :
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In order to compare results with predictions based on the evaporation model we have
made Monte-Carlo calculations simulating of our californium data. :

2. EXPERIMENT

‘ The (n-n) angular correlation researches with ~1 mkg of spon ile %2

performed in laboratory room. The measurements in §35U %ssgzx;e(;l:l{:;‘::is;? ou?itw fhr:
thermal neutron beam (3x106 n/cmz-s) of the WWR-M Reactor of PNPL The *°U -
measurements are performed with using a target of ~1 g enriched to 90% of 235'U arranged
into Al cylinder container (@ 6mm x 20 mm). In Fig. 1 the experimental set-up is presented.

~
Collimator 7
10x40 e ,
-7 He3 Target U-235
- neutron

" /
monitor
[i
VAW Neutron beam
!
\ : \
\

\
\

2% B+polyethylene \\
Steel ,\ N
Pb

~

Fig. 1. The eXperimental set-up for measu r depende ;
rement of the angular dependence of coincid
between prompt neutrons in U fission. i e

. _Dlrection of the neutron beam from neutron guiding system is shown. We:use two
1der.1t1cal plastic photo-multiplier neutron detectors measured the coincidence rate of pairs of
fission neutrons emitted at relative angles 8 with angular resolution ~ (5-10)°. The range is
from 20° (minimal possible) -to 180° in (5-10)° intervals. The detectors are into defense
consisted of polyethylene and lead. The three different distances (40 cm, 51 cm, and 72 cm)
from the target to the two stilbene scintillators (360x40 mm) are used in the meas’uréments.

' 'The main task of the experiment consist in comparison of the prompt neutron-neutro
coincidences rate from two detectors for different angles between them. - :

' In this experiment we use_ technique:of time-of-flight measurements, where “start”
mgna]s\ane prompt neutron (or y-quantum) ones from first detector, and “stops” signals are
ones from other detector. In next Fig: 2 simplified scheme of the data acquisition system is
presented. Start part consist of Amplifiers (Ampl), Constant Fraction Discriminator (CFD)
Counter ‘(Count) and- Time - Amplitude Converter . The stop part is analogous, only Time:
]?elay Line (Delay 150 ns) is added to obtain symmetric neutron and gamma'c,oincidences
]t;rix;t slpecctrum;tFromafTime - gmplitude Converter the information comes in Amplitude -

al Converter., after in CAMAC > ‘ “into" Pe
camulation and analyeie. C contxpller, and at last into Pgrsonal ‘Computer for
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Start channel

Experimental spectrum of coincidences between the y- and n- signals from the two

neutron detectors is shown in next Fig. 4.
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Real
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L JampL1]__[cFp1] iCounﬁlmc> Startl— Tima: .
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St Converter 13 .
9P/ 300 nc g
W Real] JEnd
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Gatey” Discr.-
Charge-to g%r(;ﬂ-“
Detector 2 Digital nc Linux ontrolle;
Stb.+PhM | 50 nd {Converterzamdy omputer]  |CAMAC| "}

Stop channel
Fig. 2. Scheme of the Data Acquisition Systerh.

-

In our experiment the gamma-ray events rejection was realized by neutron and gamma
pulse shape discrimination. We use the fact that neutron signal duration is more longer then
gamma signal one. To realize the discrimination the two Charge-to Digital Converters and
two different Time Delay Lines (Delay 50 ns , 90 ns) were used in start and stop channels.
The total and slow charge components of start and stop signals were measured in the Data
Acquisition System.

In Fig. 3 the results of separation neutron and gamma signals are presented : These are

CDC-spectra for start and stop detectors signals. You can see slow charge component
dependence from total charge signal and quite good separation is observed. "

Global memory x ONLN Global memory. .3 ONLN

SLOW COMPONENT CHARGE (CBCL_I) 4

SLOW . COMPONENT CHARGE .(CDC 1_1)

»

S s
g g
) s
: :
r.. o
|
|

- Fig. 3. Results of neutron and gamma signals separation in 2Cf fission:
CDC-spectra for start and stop detectors signals.
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PEST P ———

JIME. CIANNEL NUMBER (ADC)

Fig. 4. Experimental spectra of coincidences begweeh the y- and n-signals from the two
neutron detectors in 2°2Cf fission. Lo ’

The (y-y)-quanta coincidences peak is in the centre with time resolution at half-height
about (2.5-3) ns. The position is start zero time, Two symmetric humps on the left and right
of the peak are connected in first turn with (n~y) coincidences . Main" investigated (n-n)
coincidences are hided are in the centre under gamma-gamma peak. Background of accidental
coincidences is very low in case 22Cf investigation. )

After sorting and analysis of all experimental coincidences spectra we obtain the
separated contributions (see Fig. 5) in total time spectrum for:
- neutron-neutron (n-n),’ po :
- §amma-gamma quanta (y-y), .
- neutron-gamma quantum (n-y) coincidences.

MoK -

. | COINCIDENCES COUNTS

TIME CHANNEL NUMBER (ADC)

Fig. 5. The separated’ contributions in total time spectrum for (n-n), (y-y) and (n-y),
coincidences in ““Cf fission,"" " - . , . . ,
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Start channel
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Fig. 2. Scheme of the Data Acquisition Systefn.

-

In our experiment the gamma-ray events rejection was realized by neutron and gamma
pulse shape discrimination. We use the fact that neutron si gnal duration is more longer then
gamma signal one. To realize the discrimination the two Charge-to Digital Converters and
two different Time Delay Lines (Delay 50 ns , 90 ns) were used in start and stop channels,
The total and slow charge components of start and stop signals were measured in the Data
Acquisition System. :

In Fig. 3 the results of separation neutron and gamma signals are presented : These are
CDC-spectra for start and stop detectors signals. You can see slow charge component
dependence from total charge signal and quite good separation is observed.

Giobol memory 1 ONLN
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-Fig. 3. Results of neutron and gamma signals separation in %Cf fission:
CDC-spectra for start and stop detectors signals. -
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Experimenta!l spectrum of coincidences between the Y- and n- signals " from the two
neutron detectors is shown in next Fig. 4.
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Fig. 4. Experimental spectra of coincidences betwe, i
en the y- and n-signals fro
neutron detectors in %2C¥ fission, ’ ! & m the two

The (y-y)-quanta coincidences peak is in the centre with time resolution at half-height
about (2.5-3) ns. The position is start zero time. Two symmetric humps on the left and right
of.th:c peak are connected in first tum with (n-y) coincidences . Main -investigated (n-n)
coincidences are hided are in the centre under gamma-gamma peak. Background of accidenta]
coincidences is very low in case Bcf investigation. - ’

After sorting and analysis of all experimental coincidences spectra we obtain the
separated contributions (see Fig. 5) in total time spectrum for;
-eutron-neutron (n-n),
-§amma-gamma quanta 0-7),
*Deutron-gamma quantum (n-y) coincidences.

ARSI 0N

| COINCIDENCES counTs

Fig .5 , TIME CHANNEL l-:n .(ADC) ,
> 9. The separated contributions in total time - spectrum f; - k
cOlncider)ces in ““Cf fission. ‘ ’ o e (Y-‘Y)' 'am‘i (I'H{)
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As result we obtain experimental angular dependences for all separated coincidences.

|

3. EXRPERIMENTAL RESULTS

In Fig. 6 the experimental angle dependence of (n-n), (y-y) and (n-y) coincidences in
32Cf fission for fission prompt neutrons having energies more then about 425 keV (minimal
experimental threshold) is presented. All coincidences were normalized to count rates in two
detectors. Presented errors contain statistical and accidental ones. ,

From the measurements at angles of 20 degrees to 180 degrees between the directions
of the fission neutrons it was found that the number of (n-n) coincidences has minimum near
90° and increases by a factor about 1.7 to 180° and 0°.
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Fig. 6. The experimental angle dependence of (n-n), (y-y) and (n-y) coincidences in 2t
fission for prompt fission neutrons having energies more then about 425 keV. The curve is
result of theoretical interpretation and analysis of the (n-n) experimental data {12].

For (n-y) and (y-y) coincidences angular dependences some clear dependence is
absent in comparison -with (n-n) coincidences in limit of errors. But the dependences are
similar with (n-n) one. The ratio factor of (n-y), (y-y) coincidences maximum (near 0° and
180°) to minimum (near 90°) is about (1.05 - 1.10) and it is not depended from prompt
neutrons energies thresholds.

In Fig. 7 the comparative angular dependences of (n-n) coincidences in **°Cf are
shown for different more high thresholds of prompt neutrons energies: 425 keV, 550 keV,
800 kev, 1200 keV, 1600 keV . With rise of the neutron energy threshold the ratio of (n-n)
coincidences maximum to minimum is increasing up to factor about 2.5 for the very high
threshold 1600keV. ‘ ‘

The Monte Carlo simulation based on a simple evaporation model with some admixture
of the other possible mechanisms of neutron emission was used for theoretical description of
the experimental data. The (n-n) correlation in 252Cf fission could be adequately described by
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a simple evaporation model, assuming isotropic neutron emission from the fully accelerated
fragments frames in their centre of mass together with a ~10 % isotropic scission component
(see theoretical curves in Figs. 6, 7). The more detailed theoretical analysis and interpretation
of the results you can read in the ISINN-15 Proceedings in article {12] of Irina Guseva.
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Fig. 7. The comparative experimental angular dependences of (n-n) coincidences in ¥%f
for different thresholds of prompt fission neutrons energies. The curves are result of
theoretical interpretation and analysis of the experimental data [12].
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Now we investigate the angular dependence of the coincidences"in_ 23‘5U fission ipduced
by thermal neutrons from reactor. For the moment we 'haye_ first prellmmar)t experimental
results. All coincidences were normalized to count rates in neutron beam monitor. Presented
errors contain statistical and accidental ones.

In Fig. 8 the angular dependence of (n-n), (y-y) and (n-y) coincidences from 2y
fission for the very low threshold of prompt fission neutrons energy about'425 keV are
shown. The ratio factor of maximum (near 0° and 180°) to minimum (near 90°) is about 1.9.

For (y-y) and (n-y) coincidences angular dependences in 235U .ﬁssion the clear
dependences coincidences are absent in comparison with (n-n) one in limit of errors. But the
dependences are similar with (n-n) one. The ratio factor of (n-y) coincidences maximum (near
0° and 180°) to minimum (near 90°) is about (1.05 - 1.10) and it is not depended from prompt
neutrons energies thresholds. Only in case of (y-y) coincidences dependence we observe
their sharp increasing near 180° degrees connected with annigilation gamma-quanta.

In next Fig. 9 the (n-n) coincidences angular dependences in 231 are shown for
different more high thresholds of prompt neutrons energies: 425 keV, 550 keV, 800 kev,
1200 keV, 1600 keV, 2000 keV .
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Fig. 9. The (n-n) coincidences angular dependences in 23 for different thresholds of
prompt fission neutrons energies.

For (n-n) coincidences in B3 with raising of the thresholds it is observed rise of the
factor (ratio of maximum to minimum) up to about 3 for maximal threshold 2000 keV.

The researches and theoretical analysis for the 257 investigations are in progress and

possible influence of neutron cross-talks for small angles between the detectors and reactor
background are studied for the moment. :
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4. CONCLUSION

For obtaining of new results in the investigations we plan next steps:

- To sfudy more detailed possible influence of neutron cross-talks for small angles
between the detectors and reactor background.

- To finish the measurements in 73U fission and to perform the theoretical analysis
of the experimental data. . : e

- To carry out the same researches in 3y fission. '

- To perform comparative analysis of the data with results-of our researches of
angular dependence between prompt neutrons and fission fragments coincidences in
35U fission ‘obtained at other thermal neutron beam of WWR-M Reactor.

As result we hope to obtain more reliable data for estimations of scission neutrons -

contribution in prompt neutrons and their description in fission of heavy nuclei.
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Multilevel Approach in the Evaluation of the Asymmetry Effects on (n,p) reaction for
3Cl and N nuclei

A. 1 Oprea, C. Oprea, Yu. M. Gledenov, P. V. Sedyshev, P.J. Szalanski’
) 141980 Dubna, FLNP —~ JINR
lUniversity of Lodz, Institute of Physics, Poland

Abstract. In our previous work [1] were evaluated the asymmetry effects in (n,p)
reaction on **Cl and "N using 2 resonances for **CI and 3 resonance for "N. In the both cases
was used the formalism of the mixing states of the compound nucleus with opposites parities,
In the first case of **Cl were evaluated the asymmetry coefficients in the two-leve]
approximation up to 1 keV. These levels are closed and the next resonance is far fropl these
two so we have a quite good agreement between theoretical and experimental data. Will be of
interest to obtain the behavior of asymmetry effects higher then 1 keV and with participation
of more resonances. In the second case of *N the res6nance are far one from other and our
evaluation was realized up to 1 MeV where are present more then 10 resonances. In our last
evaluation we used only 3 resonance and the asymmetry effects are results of the interference
of two positive resonance with more then 100 keV between them. All these indicate that it is
necessary to have an evaluation of the asymmetry effects with,participation of all resonance in
the neutron energy interval. o

Introduction. For the evaluation of the asymmetry effects in the (n,p) reaction on *Cl
and "N we will used the formalism of the mixing states of the compound nucleus with the
same spin and opposite parities. In some of our previous works we realized this task on the
two level approximation on 35C](n,p)”S [2], [3] up to 1 keV for neutron incident energy and

using only 3 resonances for 14N(n,p)”C [4], [5] for the neutron incident energy up to 1 MeV."

In the both cases is of interest how the presences of other resonances will influence: the
energetic dependences and the shape of the asymmetry effects. In the works [2, 3, 4, 5] our
purpose was to obtain the weak matrix elements starting from the experimental values qf the
asymmetry effects [6]. Nevertheless the procedure described in [6] will not be useful ‘1f we
take into account more than 3 resonances because pairs ot interfering resonance will introduce
a number of some unknown parameters like the neutron ant proton reduced widths. These
parameters in principal can be extracted from other reactions and experiments but .in‘the
present work we just considered them random parameters having in mind the main our
purpose, the behavior of the asymmetry effects. ‘ .
The evaluated asymmetry effects are the forward — backward, left — right and parity
non - conservation. These coefficients are obtained starting from the (n,p) reaction amplitudes
defined in [7]. From these amplitudes we obtain the differential cross section (or the angular
correlations) and from angular correlations by the relations of definition of asymmetry effects
we get the coefficients. The procedure of obtaining the asymmetry coefficients is very-well
illustrated in the references and we will not insist on in this paper. v

Formulas and relations. The target nucleus captures a neutron and after that is
forming a compound nucleus. The compound nucleus can be described by a number n Qf: S
state and m of P states. Between the states of the compound nucleus there are some states with
the same spin and opposites parities and same parities. The states with the same spin and
opposites parities by interfering ([7] and references from this) will give us the asymmetry
effects and the states with the same spin and parities lead to the interfering effects in the Cross
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section. In this case the amplitude of (n,p) reaction with the contribution of a number of
resonance has the form:
n m P *
TEDIFAEDW FAED W sl )
i1 j=1 k=1
s+ S’ =the amplitude of the S; and P states both conserving the parity
f, ;:)Ck = the amplitude of the (n,p) reaction not conserving the parity given by a pair of one S

and one P state. This amplitude is proportiénal with the weak matrix element in-the (yn,p)

reaction Wsp, and usually the condition f ;:)Ck << f¢, f4° is satisfied due to the small value

of the weak matrix element Wsp. Anyway this condition must be verified for each reaction. In
the reactions studied in this work this condition is satisfied. The-third term of relation (1)
Tepresents a sum over p pairs of states (resonances) giving parity non conservation effects.
The expressions of these amplitudes are given in [7]. The expression (1) is valuable if the
following conditions are satisfied [8]. The first condition requests that the resonances are well
distinguished and far one from other (D >>I") and the second condition is kR << 1where D
is the averaged energy interval between resonances, /" —the width, k¥ — the reduced wave
number, R - radius of target nucleus. These conditions are fulfilled in the 35C1(n,p)358 higher
than 100 keV for neutron incident energy, but not fulfilled in the all neutron energy interval
up to 1 MeV for 14N(n,p)”C reaction. With this introduction we can now write the
expressions of the cross section and asymmetry effects.

1. The cross section in the (n,p) reaction. Starting from the amplitude of (n,p)
reaction and respecting the condition mentioned above the cross section is:”

Oy = IEdg: I i’fs‘icl? +§m:lféclz 2 2Re [ fT + 3 2Re ST F]T ldQ =
@) dQ (A J=1 T

2] ) i*)
L] m .
=0+ 0l +
i=1 P

I[Z?Refsfcfsf °J‘?’9+ I(Z2Refpicfp?b'stz= o )

@\ @\ i*J

n B m R
=Y oi+y. 0} +Y 05 +Y Opy,

i=1 j=1 Y %] ; . :

In relation (2) were neglected terms corresponding to the amplitude, non conserving the parity
due to their small values and also the terms corresponding to the interference between S and P
waves because their integration on full solid angle is zero. The third and fourth terms of
relation (2) represent the interference between resonances with the same spin and parities. The
existence of such kind of interference can be observed in the cross section. Using the
definition of (n,p) amplitudes from [7] the interfering terms between two S resonances (Si-Sp)
and two P resonaces (P;-P;) have the form:

(E-E NE-Ey)+ Tsls

2 ' » o
= b 3
2 i 2 Sj .
[(E—-ES,.) +—4i:'[(E—EsI) +~3'L] ,
The contributions of the S or P resonance to the cross section of Breit — Wigner type are:
" 0 ¥ ¥4 o el
0'; =gS‘M2 — ’s‘ 3 ‘Fz ,0':, =g;7b%2 Lichalli I‘z,
(E_,Es.;)z’;j"%; SR

2
O =175528 SiSjM
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4 2} [ChTaTIT By (X.Y)  (5)

2 F
(E-E,) + FTP][(E— E,) +_;l

The 7 parameters are coming from the phases but for simplicity we will consider them equal
to one. The expressions (4) and (5) will increase or decrease the cross section and dcpends‘on
7 parameters. The effects of terms (4) and (5) can be observed experimentally. The function
h(X,Y) depends of neutron and proton reduced widths X, Y. The X, Y, parameters are
unknown and in our calculation they are taken randomly. They can be obtained from other
experiments or from theoretical evaluation.
2. The forward — backward coefficient. The relation of definition of the forward -
backward effect is: '
@, = w@=0)-W@=rxn) ©)
W@ =0)+W(@=r)
where W(Q)= the angular correlation depending on solid angle. The angular correlation is
proportional with the differential cross section. From (6) and taking into account a number of
resonances and the definitions of (n,p) amplitudes [7] we obtain: :

2Re Y. fi faf l

i*j

(E-E NE-E,)+

Opipp = N pipy 2g Pinm"z |:

Q)

a = .
) Z|fsfciz +Z|f;;c|2 +22Refsfcfsj_’c‘ +22Refh}fc };c-
i1 =1 Py oy

The forward — backward effect is a result of interference between S and P waves

corresponding to pairs of S and P resonances. This effect is not involving the weak nuclear

interaction and can be evidenced using unpolarized neutron beam. The presence of a number
of resonance influences the value and the shape of the effect due to the interference of the

compound nucleus states with the same spin and parities. These assumptions are valuable also .

for the other effects studied in this work.

3. The left - right coefficient. In the (n,p) reaction with polarized transversal neutrons
reveals the left — right asymmetry effect. This effect is a result also of interference between S
and P waves conserving the parities [7]. The left — right effect is defined as:

_r L, 37 e
_W(0_2’¢_ 2) W(g. 2? 2)

wo r 3z Tz ®
O=—,p=—1+W|O0=—,0=—
W( "2 ¢ 2 ) ( 2 ¢ 2)
Following the same procedure of calculation results:
2y fi o' l
a il 9)

.

R =R . & 2 . X
DAL +2 0] + 2 2Re f5° £ + D 2Re f5° £y
i-1 j=1 iz inj == g="
v 22
4. The parity non conservation coefficient. This effect is a result of interference
between thé (n,p) amplitudes conserving the parity and (n,p) amplitudes non conserving the
. parity due to the weak interaction between nucleons in the compound nucleus. Also this effect

appears when the neutron beam is polarized. The definition of the effect is:
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W(a=§,¢,=0)—ww=§,¢=zz)
Cppe = (10)
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Discussions and results. For the evaluation of the asymmetry effects and the cross
section in the *Cl(n,p)*>S and "*N(n,p)**C reaction were realized special computer programs.
These programs use symbolic formulas [3], [4], [7] for the terms responding for the
asymmetry effects in the two level approximations for pairs of interfering resonance and
expressions for (n,p) cross section including processes of interference in the cross section
between states with the same spin and parities. One of the main purpose of the experimental
and theoretical evaluation of the asymmetry effects is to obtain the matrix element of the
weak interaction in nuclear processes. In the two level approximation the extraction of the
weak matrix element from experimental values of the asymmetry effects was realized by us
for 35Cl(n,p)”S reaction [2], [3]. In principal this procedure can be applied easy in the case of
"N(n,p)'*C reaction if we should have experimental values of the asymmetry coefficients
(forward — backward, left — right and parity non — conservation). Until now there are not yet
data for all asymmetry effects in "*N(n,p)"*C reaction. If we take into account'a number of
resonance more than three and exist two ore more.pairs giving asymmetry effects.by
interference then the extraction of the weak matrix element become more complicated. Each
pair of interfering resonance introduces the unknown parameters X, Y (the reduced neutron
and proton widths — in number of four for each pair of resonance). Also the weak matrix for
each pair of resonance can be different. In this case it is neceséaxy to obtain the necessary data
from other experiments or theoretical evaluations or if we have only data of mentioned three
asymmetry effects it is possible to obtain some averaged values on X, Y parameters and weak
matrix element. For the neutron resonance parameters we used data from [9], [10]. '

1. The 35Cl(n,p)”S reaction. For this reaction the main condition of the formalism of
mixing states with the same spin and opposite parities of the compound nucleus are satisfied. -
For present calculations were used- the following

resonances:{ E;, =—180eV,J§, =27 },{ E,, =398eV,J}, =27 ,( E,, =4249¢eV,J;;, =17},

(E,, =5496eV,J7 =1"},( E;, =14802¢V,J 7, = 2* }. In the cross section exist interference
between the states P,-P; and S;-S». These interference will influence the cross section and the
shape and magnitude of the asymmetry effects. Our evaluation of the cross section confirm
the experimental value from [9] in the thermal point o,? (0.0253¢V) = 0.489b. ‘As is seen

from figure 1, until the first P resonance the theoretical evaluation and experimental are in a
very good agreement. Also after the first P resonance it can be considered a good agreement
between theoretical evaluation and existent experimental data. Differences we have between
resonances were the value of the cross section is very small and in future it is necessary to
understand this difference. One of possible explanation may be a combination between the
influence of the resonances not taken into account and the possible influence of other open
channels in the region were the cross section has a very small value. The asymmetry effects
are given in the studied case by the interference between by the pairs of states.S;-P; and Sz-P;
and these pairs give their contribution to the total effects. If neglect the interference between
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states with the same spin and parities in the cross section it is expected that the shape of the
effects of a pair of states is like in the two level approximation (see [2], [3]). Since now the
only experimental data for the asymmetry effects are given in [2], [3], [11]. For the forward-
backward effect we have the values:
@5 (3.1eV)=(5317.6)-10 @, (195¢V) = (1.68 £ 0.5)- 10~ 7, (398eV) = (7.4 £3.6)-1073
Our evaluation confirms the experimental values. As is seen in the figure 1 the presence of
other resonances has no such an important influence until the first P resonance.. Our
theoretical evaluation shows that after this resonance the presence of other states becomes i
significant. For the left — right and parity non conservation effects exists only the value in the H
thermal point (neutron energy equal to 0.0253 eV). These values are; 2

1z ==(2.410.43)-10and @, =—(1.5110.34)-10™. The theoretical evaluation is in a /

very good agreement with the experimental data for both effects. Like in the forward -

backward effects the presence of the other states has a small influence until the first p

resonance and this fact indicates that the two level approximation is correct for the energy

neutron range up 05-1 keV. For the neutron energy higher than 1 keV the theoretical

evaluation shows a very complicated energy dependence and shape of the asymmetry effects,

Future experimental data and an attentive analysis of neutron resonances paramelers wxll
infirm or conﬁrm the predlcted dependences.

2. The ¥N(n,p)!*C reaction. In this reaction mltlally were taken into account'more | 0 _. e

...... ONd.y

than 10 resonances but after a detail analysis of the neutron resonance parameters were » el ) ) »

selected the following states of the compound nucleus °N: { E,, =492.6keV, JZ, = (1/ 2) h - &
{E;, =639keV,J;, =(1/2)" },| E5, =837keV,J 5, =(1/2)" }{ Eg; =997V, J5 = (372}, °
{E;, =1116€eV,J5, =(3/2)* }.With these states asymmetry effects are given by :the

following pairs of states, P;-S; and P;-S2. The incident neutron energy is taken up to 1 MeV. ) 3
Interferences in the cross section with this set of states are given only by the pair S»-S3. With
this set of resonances the experimental data on the cross section agreed satisfactory'the
theoretical evaluation from 100 keV to 1 MeV. A serious disagreement we have in the
thermal point were the theoretical evaluation is more than five time higher than’ lhe

experimental accepted values (cr‘"p (0.0253eV) =1. 8b)[9] Analyzing the set of resonance

parameters it was concluded that the S state gives a big contribution in the thermal point. The
parameters for this state are obtained for the isobaric analogue resonance of 1*C with isotopic
spin T=3/2 [10]. Other authors [12], [13] don’t use this resonance. If this resonance will be
eliminated from estimation then the agreement between theoretical cross section and
experimental data become very good. Then in the thermal point the theoretical estimation is
1.78 b. Eliminating the S, state we get practically the two level approximation where the
effects are results of interference between one pair of states with no interference effects in the
cross section. Between resonances as it was observed for 3¢, the theoretical evaluation and
experimental differ. Other resonances in this case will decrease the magnitude of asymmetry (du
effects. Experimental values on asymmetry effects are only the left — right effects in the q
thermal point @, =(0.66+0.18)-10*[11] which is in very good agreement with our g8 8
evaluation and the preliminary zero value of parity non conservation effect. The parity non 7
conservation effect is very small and result it is expected because the energy mterva] between ‘
resonances is of order of hundred keV and not tundred of ev like in the reaction on **CI. The
evaluation of the cross section and asymmetry effects are illustrated in figure 2.

The work was realized by financial support of the project of Romanian Plenipotentiary
Representative to JINR Dubna, Ne359/21 from 01.06.2007 and grant Ne 05-02-16260 from
Russian Foundation for Basic Researches (RFBR).
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Fig.2. The energy dependence of the cross section and asymmetry effects in the *N(n,p)"‘C reaction. The weak matrix element is unknown. For the

asymmetry effects the dash line represents the case when the {X,Y} parameters have an opposite sign like for the continuous line.
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«

Abstract. Long and, unfortunately, unfinished way of well know lanthanum experiment,
which was considered as optimal tool of search for PT-noninvariance in nuclear processes,
from the idea to an actual measurement make it reasonable to analyze other possibilities
provided by neutron induced nuclear reactions. A number of schemes based on spin-angular
correlations of initial neutrons and y-quanta produced in neutron capture process which look
promising are proposed. One of the principal advantages of the scheme in comparison \'vjth
using radioactive sources of y-quanta ones is the fact that high-energy y-quanta produced by
neutron capture make the problem of simulating of the effect by final state interaction of
photons with atomic electrons inessential. ;

MOTIVATION
Nonconservation of discrete fundamental symmetries in physics.
If the CPT-theorem is valid there are four terms in Grand Lagrangian which are
distinguished by their discrete fundamental symmetry properties. They are presented in the

table 1. -

Table 1. Symmetric and symmetry breaking terms of Grand Lagrangian.

Comment 2

C P T Comment 1

+ + + Invariant

- — + P-odd, T-invariant (P)

- + - P-even, T-noninvariant (T) CP-noninvariant
+ - - P-odd, T-noninvariant (PT) terms

P-, T-, and PT-noninvariant amplitudes shape the complete set of discrete fundamental
symmetry breaking terms of Grand Lagrangian. The first one is leading symmetry breaking
term. It is relatively well studied in a lot of parity violation measurements.
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Up to now a CP-violation effect is observed in the decays of K- [1] and B-mesons [2]
only. In the Standard Model (SM) the amplitude of the discussed effects are very small and
turn out to be visible due to unique enhancement takes place in the mentioned decays. These
amplitudes are described by Cabibbo-Kobayashi-Maskawa matrix:

1
d G 5,C5 5183 d

L T - i0 , i
§ 1= —8C; €1CyC3—8,8;€ € C,8;+8,C,€° || s
b _ i i5 |

1

where C; = COSl9,- , 8§ = sinzS}, ¥ are mixing angles, and J is the phase shift determining
the value of the discussed break up term. The extremely small measured values of the effects
result in some problems in explanation of the absence of antimatter in the Universe. For this
reason it is assumed that a major contributor to these effects is something beyond the SM and
related to a new physics. Some models predict rather large effects. Therefore search for CP-
nonconserving amplitudes which are essentially larger than the ones predicted by the SM in
other processes makes sense. - ' ) B

It should be noted that the phase shift 8 is not related to the systems consisting of
quarks of the first generation (u and d) only. That is' why nuclear systems are interesting
objects of the discussed investigations.

Upper limits of permanent electric dipole moments (PEDM) of elementary particles
and atoms are the most informative data concerning the PT-noninvariant effect in light-quark
systems up to now. In the framework of SM only second order diagrams presented in fig.1
contribute in PEDM value. :

Figure 1. PEDM-producing diagrams of SM. W and G denotes W-boson and gluon
respectively. I ,

Recent upper limits of PEDM of elementary particles and atoms are presented in the

" table 2.
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Table 2. PEDM values of microobjects.

Expl»eriment_ Standla;rd Model Ne\.alrsphysics
(1083 ¢ - cm) 102 e-cm) (10 e-&m)
e 1.6-107 <10”® <1 -10°
p 1.0-10” ~107% <6-10"
n 29-10° ~10™ <3-10"
1994g 2.1- 107 ~10% <210

I

It can be concluded from this table that some measurements of PEDM directly impact

on construction of the new theoretical approaches. Thus an analysis of alternative schemes

promising for setting upper limits on CP-violating effects and, in particular, on PT-
noninvariant amplitudes in nuclei seems to be promising.

Nuclear processes as tests on PT-violation.

It is important to note that the list of amplitudes involved in PT-nonconserving nuclea.lr:
processes does not limited by that contributing PEDM. So seaFch for the effects here is.:.
anyway interesting independently on their compatibility with PEDM appr'oach. If,
nevertheless, one intends to compete and believes that PT-violation effect display itself only .

in N — N + 7 vertex (see the diagram in the fig. 2) then

- Figure 2. Diagram producing PEDM of neutron. The cross denotes PT-nonconserving vertex.

neutron PEDM measurements set the following constrains on the PT-nonconservation
constants of the diagram in the fig. 2:
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0.7-10" AT =0
gp <90.5-107° AT =1

0.7-10" AT =2
@

where AT is the isospin change. So to compete with these measurements one should achieve'a
similar precision if only for isovector constant. Fortunately nucleus is an amplifier of
isovector effects.

Let us list principal features of the PT-nonconservation studies in nuclear processes.
1. Resonance nuclear reactions are of a great advantage because their cross sections are
usually larger and one can expect various effects of enhancement in them. As a last resort low-
energy particle-nucleus collisions in which the contribution of one or two partial waves are
dominant in the cross section may be put in to use. : : :
2. Simultaneous measurements of effects P- and PT-nonconservation are desirable because the
ratio of values PT- to P-violating effects weakly depends on the structure of a particular
nucleus [3,4]. For the discussed purposes one can consider P-odd NN-amplitude to be known
good enough. It should be noted that in.nuclei p-meson diagrams contribute a dominating part
to the latter effects while the former ones are determined in the most part by n-meson vertex
(fig. 2), that is why nuclear medium amplifies PT-nonconservation effects more strongly. The
ratio of matrix elements of the discussed effects is defined in [3,4] by the expression

LIV IER> g,

<J DIV, T (=p)> = gir=.
3)

This expression contains nuclear matrix elements of parity violation and PT-nonconservation
potentials V,, and Vj with the states of opposite parity p in their left- and right-hand sides,
AT=0 AT=1l i 2 . SRS R
8 p(onn) and g pr(zNN) Are constants making dominant contribution to the respective
effects, x is a factor on nuclear enhancement which is estimated in [5] and turns out to be
N . . R C . AT=0
equal on average to 3.2 in various nuclei. The value of the P-violation constant is g p(ONN) =
~11.4-10". Thus for actual competition of the “nuclear” studies of PT-nonconservation with
PEDM ones one should achieve the ratio of amplitudes containing in formula (3) of ‘about
210, , ,
3. Other factors of enhancement of both effects in nucleus are of one and the same nature. If
an object of study of P- or PT-nonconservation is a transition between two nuclear states then
the correlation coefficient @y characterizing the value of an effect may be schematically
written in the form:
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p{pt) 2<J (P)l p(pt) l‘] = P)> e
P(Pt) {/} AE s ’

@

where \’F’eg and /1" are the transition amplitudes related to the investigated leveI of

a nucleus and its partner of opposite parity, AE ~ the energy distance between these levels
pipt)

Fi
demonstrates advantageous conditions of the experiment: a small value of AE and a large
value of the ratio of the decay widths. Another important condition is a large value of cross
section of the investigated resonance providing a high counting rate and thus a good statistics.
The greater P-odd effect, the tighter constraints on PT-nonconservation constants may 'be
attained. The examples of objects promising for search for the latter effect should dxsplay
strong P-violation properties or these properties should be expected.
4. Search for PT-noninvariant effects in y-transitions is preferable because otherwise,: for
strong and Coulomb interacting particles, false effect producing by a final state interaction is
too large and the T-invariant P-odd amplitude together with the final (or initial)" state
interaction will simulate the effect under discussion. o

In fact nuclear radioactive processes and neutron reactions induced by thennal
resonance and, perhaps, few keV-energy neutrons are promising for the discussed purposes
and no other. Indeed, cross section of the process induced by photons are too small, and the
emission of y-quanta is unlikely for resonance proton reactions — (p,a)-reaction is typxcal
process in this case.

In the present talk we concentrate on the discussion of PT-nonconservation effects in
y-transitions induced by reactions of neutrons with nuclei.

— the product of the elements of the Racah algebra (see bellow). The expressxon (4)

CURRENT STATUS OF SEARCH FOR PT-NONINVARIANT CORRELATIONS IN
y-TRANSITIONS

In spite of the declared goal let us dlscuss all known experimental data concemmg the
discussed topic. ;

1. Measurements of PT-noninvariant five-vector correlation ((k [J Xk ])(k J ))
where J — vector of orientation of a sample (produced by cryogenic means) using 501 keV
line of radioactive source '**™Hf and the subsequent 332 keV line as an analyzer (see fig. 3)

[6] result in the upper limit of the effcct ~10? approximately equal to the measured value of
the P-odd effect of the value 1.6-10 in this transfer.
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Figure 3. 180mp it decay scheme.

2. Study of the (k [I;’ X J ])(J £ ) (€ - hnear polanzahon of y-quantum) correlation

of gamma-radiation of ""®™Sn (see scheme on ﬁg “4) based on’ Moessbauer approach [7]

prov1ded the ratio of the upper limit of PT-noninvariant amplitude to measured P-odd one

~4.0-102. This example is a good demonstration ‘of advantages of linear polanzatlon of y-

quantum measurements (it was proposed by Z. Szymansk] [8] and realized ﬁrst time in the
discussed work) compare to coincidence scheme with the second transfer as an analyzer — a

current integrator but not a counter detecting system is in use thus countmg rate turns out to’
be essentially larger. A problem (probably — theoretical) i is that experimental value of P-odd

effect (0.9+0.1)10 [9] looks anomalously great in the absence of panty mixing dublet
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.
The researches of PT—noninvariance in neutron reactions were concentrated last two

decades basically on the case of (G,[k, X J]) (&, is the neutron spin) correlation in the n
+ 13%La collision [10]. Mentioned above final state interaction problem turns out to be arduous

in that case. No one experiment was performed up to now. The above mentioned correlation -

was measured in collisions of fast neutrons with polarized 165Ho target [11]. Accuracy is not

so high and the results are loosely interpretable because of contribution to the effect of a large ‘

number of amplitudes. Some other schemes of such a type are proposed [12-15].
So the problem of PT-invariance break up in nuclear processes remains to be topical.

CLASSIFICATION OF (n,y)-EXPERIMENTS

Advantages of experiments basing on observation of y-transitions induced by neutron’ -

beams in comparison with produced by radioactive sources ones are the following:

1. Low and resonance energy neutron reactions are useful tools of producing of oriented

sources themselves.
2. High-energy y-quanta are typical for these experiments therefore final state interaction of
such y-quanta with atomic electrons is inessential. '

3. There is a broad assortment of nuclear states manifesting relatively strong P-violation which’

can be excited by neutron beams.

Several approaches look reasonable for use in the discussed neutron experiments.
These approaches vary in, first, measurement setup in which circular polarization sensitive
detector of y-quanta may be built-in, or linear polarization sensitive detector of y-quanta may
be embedded, or only spin-insensitive detectors may be in use. Second, method of orientation
of an initial sample may be varied. So, it may be polarized beam. The alignment may be

produced by preceding ejectile, or measured by subsequent particle emission, beam-produced -
alignment in neutron p-resonances also looks promising, at last in some cases target polarized
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by cryogenic means may be used. Both thermal and resonance neutron sources are applicable
for the discussed purposes. ’ .

Thermal neutron experiments
Scheme with a circular polarimeter

Polarized thermal neutron beam is required for this experiment. The scheme is based

on (O,[k, X Ey]) correlation in (n,py)-, (n,ay)-, and (n,yy)-reactions, where Ey is circular

polarization of the second y-quantum. First transition of the discussed correlation is an object
in which PT-noninvariant amplitude is searched for, and the second one is an analyzer.
Taking into account mentioned above problem of final state interaction we limit ourselves by
consideration of yy-cascades only. Distribution of the products takes the form:

WLJF(HVn’672’¢71’¢72)=Zp;"(1) 8;:" *(Li’np?’l’L'Vn p’71)
Eir:2 *(LVZPVZ’L'72 p'Vz) 8.;"1"(F) 12']2 (j71m71.j72m72 |Jm)

J L I|[F L J
J L‘Vl 1 F L'Vz J *’]:VI"]::Z <J|L'71p'71|1>*<J|L71p71|I>
by, B JO J, Tn |

<F|L'72 p'Vz |J>*<F|L72p72 |J>
5

Here b =~/2b+1; 3x3 table is 9j-syumbol; o/(I) is the orientation tensor of a staté;
€. (Ip,1'p') - efficiency tensor of a detector of irradiated particle; I denotes initial

compound nucleus state, J —i i . X ' .
p state intermediate one, and F is a final state; Lr.- Dy, L WPy,
multipolarities of the transitions; (I 'IIp| I > — amplitude of a transfer. The elements of the

Racah algebra containing in (5) shape the factor denoted in (4) as F(’;;p 2 . The sum is over all

indexes contained in (5) besides I, J, F. The residual nucleus is not registered therefore its
efficiency tensor £ (F) should be written as:

£ (F)=F8;40,0
(6) -

3



oo Letus consider longitudinally polarized neutron beam and direct z-axis along the béam
direction. If S-resonance absorption is dominating, polarization tensor (rank j = 1) produceq
by the polarized neutron beam takes the form:

1

s I,
P (D=U32m) iy p, A1 s I (| 1) (1) | 1)
0 j J

)

Here s= 1/2 is the neutron spin, P, — the degree of neutron polarization. The scalar pai't of
the density matrix may be expressed similarly to (7) by substitution j = 1 for j = 0 and pfz’f‘fdr

1-p,.

The form of the efficiency tensor of a detector of y-radiation insensitive to linear -

polarization is the following:

€7 (Ip,1' p)=16moG)-1" 11 (=1, 0) [50)+8(3)+(~1/iS(0)-SB3)
W4z 13)Y;, (69). ®

- where f =( p— p')/ 2- jy; Q(j,) — parameter, characterizing a geometry of the
detector; € and ¢ are the angles describing rotation from detector coordinate system to
" laboratory one; S(r) is a Stokes parameter of the detector: S(0) is determined by total
(including both geometric and physical characteristics) efficiency of registration::of
unpolarized y-radiation, and S(3) — by total efficiency of detection of its circular polan'zhtibﬁ
including, in addition to the characteristics similar to that of S(0), polarization resolution
capability . :

The angular-dependent part of the expression (5) combined with the formula (7) can.be
‘ written as:

5@ Y, (Iml-mjl0)N4z /YY" (p,)(Nam I 1YY, ™ (k,)=

m=-1,1

s@A11-110)2mi(V4z I Y™ (B,) (Nax I Y, ™ (k) 1=

(1/~2)s3)sin(8, ) sin(8,) sin(@),
©)
. thus directions of the detector axes are bound to be orthogonal to the direction of neutron

polarization and to each other for the maximum efficiency. The effect is proportional to the

difference between the counting rate of coincidents for positive and negative value P, In fact
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to get rid of systematic inaccuracy of measurement setup one needs in two detector of the first.
y-quantum + two detector. of the second y-quantum setup. High-precision goniometry is.
necessary anyway. s ,

The choice of a target depends first of all upon P-violation effect in a chosen v-
spectrum. Recently such effects in neutron reactions with 35Cl,,s“'Fe, 30, Wgy, 133Cg, and
39 a targets are known (see collected data in [16] and references there). In the last two
examples integral y-spectrum is investigated. Other measurements were performed using a
certain y-line. Both approaches were used in the study of 35Cl nucleus. Evidently either
“single line” or “integral” apptoach may be used for search for PT-noninvariance. The first
method allows one to use a line in which the effect of P-violation is relatively large, the
second one provide a counting rate of coincidents being essentially higher. In should be noted
that in the second case the coincidence scheme discriminates a significant part of .y-
background. , : _

The weak point of the single line approach is a strong limitation of counting rate of a
detector performing the amplitude analysis of the signal. This limitation is less than 10°
counts/s. The single line approach may in principal be realized using for example transition
7.28 MeV (1*—2%) in ''Sn nucleus in which a very large P-nonconservation effect -6.7-10°
(unfortunately unresolved with the effect in 7.27 MeV (1°—0") line which is useless for the
discussed purposes) is observed [16). However line intensity is as small as (0.18+0.05)% of
the total intensity of the y- spectrum. Because of that counting rate of y-quanta under study
does not exceed 10° counts/s. Even a large solid angle of the second. detector £ = 10!
provides the coincidents counting rate of about 10! counts/s. Taking into account a small value
of polarization resolution capability of the circular polarimeter which does not exceed 3% and
the fact that the upper limit of the effect under study is linearly dependent on the efficiency of
such a type one can conclude that the exposition time necessary to achieve even the value of
the upper limit of the PT-nonconservation effect approximatelg' equal to the measured value of
P-violation one turns out to be very long. The example of La looks more promising. Two
lines of thermal neutron beam induced y-spectrum of 1491 5 compound nucleus: 4.843 MeV
and 5.098 MeV Jpossess the intensities more than 9 % each. P-violation effect is not measured
for any line of 131 a spectrum individually. At the same time the value of integral effect of P-
violation here is large enough being (1.6+0.3)-10"* [17], therefore one can expect. individual
effect several times greater. If, fortunately, it is true for one of the discussed lines then the
upper limit of the ratio of PT-noninvariant and P-violating effects § ~ 10 may be achieved.
An array of 10 presented targets placed on a powerful neutron beam could decrease this value
by half an order. : e . , ~

The example of 139 a looks also promising for measuring of PT-noninvariant yy-
correlations in the (semi-)integral approach. Two just mentioned lines possess. the overall
branching ratio of about 19 % i.e. almost one half of total intensity of the hard part of the y-
spectrum. Thus the scheme including the following elements with high time resolution: a) a
detector with a filter of the soft part of the spectrum in the first channel, b) a detector sensitive
mainly to this soft part in the second channel, ¢) a coincidence scheme of signal fronts of
these channels allows one to perform mostly the measurements of aggregate PT-noninvariant
effect of two yy-cascades beginning by the discussed lines. Therefore an attenuation of the
integral effect in comparison with one line effect would be relatively small in the discussed
case, The value of the P-violation effect in the proposed scheme is expected to be few times
grater than presented above measured value of integral one. At the same time the amplitude
analysis of a signal.in not required in the discussed case therefore .one can use “fast” y-
detectors. Due to that limit of the counting rate is put by coincidence scheme resolution time
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or neutron beam intensity and may be brought to 10° counts/s. Thus the value of the -

discussed ratio & ~ 107 may probably be achieved in 4 cumbersome experiment at a power
thermal neutron source.

Advantages of the scheme are:
1. High-intensity thermal neutron beams are explored.
2. Polarized beam is a convenient and effective method of producing of a polarized sample.
3. No polarized target is required.

Disadvantages of the approach are:
1. Necessity in use of the coincident scheme and therefore counter but not current integrator
method of registration.
2. Low efficiency of circular polarimeter.
3. Difficulties of the experiment, connected with P-even circular polarization of y-quanta
produced by a polarized sample. This polarization is perpendicular to measured one only
approximately.

-

Scheme with a linear polarimeter

The scheme based on the measurement of the linear polarization is free of the second
drawback, as it is the case in the presented above experiments with'radioactive sources. This

approach exploits the same correlation (k’,z [€ Xk ])(k,E) and thermal neutron beam is

used here to produce a source of radiation only. Alignment turns out to be measured due to

registration of a direction of a particle k1 , preceding y-quantum in a cascade. A subsequent
particle can also be used for the same purpose. As in the previously discussed scheme

measurement of coincidents is necessary. If analogously to the previous case a cascade of two - -
y-quanta is considered in which the first one provides orientation of the sample, the angular,

distribution of it has the form (§) with m=0, p;0(1)= I _1. Efficiency tensor of the first y-
quantum is expressed by the formula (8) in which  the angles 6 and ¢ are the angles
determining direction of the first detector axes in the laboratory system. Isotropy of the initial
state allows one to define the axes by the expressions 8,=0 and ¢;=0.

In a realistic case in which symmetry axis of the linear polarization sensitive (and, of
course, circular polarization insensitive) detector of the second y-quantum z is directed on to
the target (m=0) the related efficiency tensor of the detector can be expressed as:

ej":" (p,l' p)=1116mu2(-1)"* (111'-1 J,, 0) s0) Piy, (cos8,) +
(U, =2)!
(J,, +2

 (°1],,2) P (cos 8,) [S(1+-1) - iS)1-1))] }, (10)

where Pir (cos ) is Legendre polynomial, I"’j(rz) (cos@,) - ajoint Legendre polynomial
2 2

of the second order, &, is the angle between symmetry axes of the first and the second
detectors. Obviously there is no dependence on ¢, due to invariance of the set up about the
direction of the first y-quantum emission. The Stokes parameters S(1) and S(2) determine
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linear polaﬁzation‘sensitivity of the discussed detector and are the functions of the angle I/,
which is defined as the angle, determining the direction of linear polarization sensitivity of the
second detector: S(1)=Acos2l/, , §(2)= Asin2 i/, . Thus the caée S(1)=1, $(2)=0 is related to
the plane of linear polarization passing through x-axis, the case S(1)=0, S(2)=1 is related to
the plane passing through the bisector of x and y. It is the. sin 21// 2:-deperide'nt term that is
produced by PT-noninvariant amplitudes. Other terms of (10) involved in angular
distribution (5): scalar one ( jy = 0), i/, -independent, and COS 21//2 -dependent are ’
sources of a strong background in the search for them. The opumal conditions for search for
this correlation are obviously the following: kﬁ 1 kh,' and W, = tz/ 4 The

experimental setup is schematically illustrated by fig. 5. “Obviously in reality four-detector
scheme is necessary to get rid of systematic inaccuracy of measurement setup. High- precxslon
goniometry of the setup is necessary again. :

I Yind
ky
- .

Y counter ‘"\.\E* ¥ counter
-+ .-
¥ or kl

) {45 -

Source or target

— T
Figure 5. Reglstratlon scheme of ((k [8 xk, ])(klé‘)) and ((k [8 X J])(JE)) PT-
nomnvanant coxrelatlons
What about promlsmg examples of targets they are the same as in the previous case.

The value of polarization resolution capability of the linear polarimeter is significantly (by
about one order of magnitude) higher than the circular one. On the other hand effective solid
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kangle of it £, is the product of the solid angles of the scatterer and the detector Q, = 5 Q
and thus it is no more than 102, However measured upper limit of an effect depends on a
square root of this value, therefore the scheme with a linear polanmeter may decrease’ the
value of the limit by half an order. Therefore the value of the ratio & ~ 10** may probably bc
achieved. 1y
Advantages of this scheme in comparison with the previous one are:

1. Higher value of efficiency of linear polarization measurements and less violent worklng
conditions — lower counting rate of the second detector.

2. Possibility to study PT-noninvariant amplitude either in the secondary y-transfer of the
cascade as it is just presented or in the primary fy-transfer i.e. use of the correlatipn

(]-c;, [[EX ic;])(ic; -£) in which linear polarization of the first y-quantum of a cascade is
1

measured and the second one serves as an analyzer. Usually P-violation effect is grater in this
case. On the other hand efficiency of a linear polarimeter worklng with high-energy prlmary
y-quanta is smaller.
Disadvantages of the scheme are:
1. Necessity in use of the coincident scheme and in the work under severe background
conditions remains.
2. A linear polarimeter possesses small effective solid angle. Perhaps there exist examples in
which detection of linear polarization may be advantageously replaced by detection of two y-
quanta in analogy with the work [6], thus three-shoulder coincident scheme (correlation

(/_C;,z [/-C;,l X /—C.h ])(/_C;,l /_C;,3 )) should be used in the proposed approach.

The sole way to get rid of a coincidence scheme in the thermal neutron experiments is

to measure the correlation (k [8 XJ ])(] £ ) where J is the vector of orientation of :

nuclear spin, thus one should create an aligned target. Cryogenic methods allow one to do it
relatively easy for rear-earth isotopes and nuclei of elements constituting ferromagnetic
composites. Unfortunately there is no example in which P-violation effect is measured i 1n such
nuclei excludlng the effect in ’Fe compound nucleus which is equal to (6.420.5)- 107 (see
[18] ) i. e. it is relatively small. Additional troubles appear due to the strong background
creating in this particular case by construction materials of the refrigerator. For other isotopes
the temperatures about few mK are required to achieve a reasonable value of nuclear
alignment. In addition one meets stringent requirements on frozen capability of a refrigerator
and axial symmetry of a setup as a whole. Thus technical problems turn out to be crucial in the
approach. That is why this scheme is beyond the scope in the current paper.

Resonance neutron experiments

In contrast to thermal neutron capture in which S-wave is strongly dominating and

therefore such a beam does not produce an alignment (tensor of the rank j = 2), this tensor is -

nonzero in neutron P-resonances with the total angular momentum [ > 1. Thus one can get rid
of coincident scheme by another way namely studying the correlation (k’,2 [E X k"])(k"E )
of y-radiation of a P-resonance involving the vector of bombarding neutron linear momentum

k,l (see fig. 5). Formalism of this correlation involves the expression’
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WLF(672’¢72)=ZP?(1) g}':O*(erprz’L'Vz p’n)g}"".‘(F) -772 iz‘

F L I
F L'Vz 1 <F|L'7’z p 72|J>*<F|L72p72|‘]>’
-0 j?’z j72

where the efficiency tensor of the polarimeter E ( pr2 7: p, ' ) is determined by

formula (10). Orientation tensor of a system after a capture of unpolarized particle with the
spins P, (1) takes the form:

PP I j 1
p2(1)=(1/4”);(—1)’ll'los ‘k3IZJJ'(IOI't)|k0) I j oI
&k k0
I s
Pos J (Ll * (T 1),
k0 k

(12)

It is important to keep in mind that typical values of the last multiplier in the
expression (4) are significantly smaller for (n,y)-reaction than in néutron  transmission
processes if one and the same target is used. For this reason it would be expected that for low-
lying P-resonance states of nuclei 3Br, 1'Cd, 7Sn, and *°La, displaying very strong P-odd
asymmetry Qo 25 . 1015) in neutron ‘transmission experiments [19] (see also up-to-date
review [20]), respectlve values of the asymmetry are would be less by almost one order of
magnitude if a convenient y-line would be chosen. For the integral approach these values are’
expected to be still less by about one-half order. The one line approach is in fact useless -
because of very intensive y-flux on a detector at'a pulse time. Moreover the current mtegrator'
detecting system is the sole reasonable for application. If however such a system is used just
mentioned examples look promising for the discussed investigations in spite” of ‘moderate
value of the P-violation effect. Indeed, assuming that the experiment with ey target is
carried out at a powerful resonance neutron source such as SNS and polarimetry system
possess the effective solid angle Q, = 10 and polarization resolution capability 10 one
may conclude that the value of the ratio & ~ 10‘3 3 may probably be achieved.

- In neutron resonance spectra of nuclei there is 2 multitude of P-resonances of relatively
high energy manifesting strong P-violation propemes [20]. Many of them are suitable for the
studies of PT-noninvariant effect in the proposed scheme and, probably, some of them could *
turn out to be more promising than the just discussed example. However the experlmental
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condltlons (target thickness, pulse time and frequency, etc.) adopted peculiarly for any .-
resonance are necessary for realization of the potentialities of the approach. This problem -

merits special investigation.

Nevertheless it is reasonably safé to suggest that the discussed scheme turns out to be

prormsmg to become compatible with PEDM measurements in providing constraints on
isovector PT-noninvariant amplitudes.

It is interesting to note that using transversely polanzed P-resonance neutrons (or .

polarized target with the orientation tensor of the rank j = 3 placed into a thermal unpolarized
neutron beam) one can investigate P-even T-noninvariant effect by measuring linear

polarization in the seven-vector correlation (k [J X£])(J 5 )(Jk ,) in one-step -

transition process. Recently this correlation has already found use m search for the just +

mentioned effect in a convenient for this purpose y-transition in Yb nucleus spectrum
induced by radioactive decay [21]. Naturally in search for this effect in neutron experiments
the list of useful targets is not limited by those possessing the strong P-violation effect also.
The choice of a target is determined by suitability of it for experimental operating.

CONCLUSION

-

1. Study of neutron-induced y-transitions is promising tool for search for PT-noninvariant
effects.

2. Both thermal and resonance neutron sources are applicable for these purposes.

3. Some versions of such experiments are capable to reduce upper limit of the effect achieved

recently in nuclear experiments by about two orders of magnitude and approximate it to the . -

level of accuracy attained in PEDM measurements for isovector PT-noninvariant amplitude.
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FACTOR ANALYSIS OF NEUTRON DATA .
Cristiana Oprea, Alexandru Joan Oprea
Frank Laboratory for Neutron Physics, JINR, Dubna 141980, RF

Abstract The interpretation of neutron spectra patterns is subjective and difficult by
instrumental means and sometimes the analytical methods have proved unsatisfactory to
reduce uncertainty in nuclear data. In the present report, we investigated how to detect
underlying nuclear characteristics of different neutron spectra®by means of common statistical
methods and Factor Analysis. We applied basic and multivariate statistical analysis methods
with the use of co-occurrence and run-length matrices to analyze the spectra patterns. Factor
Analysis was used to determine whether a large number of independent variables actually

measured one or more underlying common variables.
Keywords: nuclear neutron data, basic statistics, uncertainty, Factor Analysis
Introduction

The physics of the reactors and their fuel cycles is rather well understood. Their

optimization, in order to meet more effectively the requirements, and their evolution, need the

research and development in all fields, in particular for innovative fuel development and

processing, and also in the reactor physics field. In the last area, the role of neutron data is

quite important taking into account their requirements for the development and applications of

nuclear science and technology. Most neutron data are large available in the databases of
world neutron data centres, but their up-to-dating in terms of improvements, accuracy and
validation is still a major concern.

In order to make a comprehensive assessment, the tools of sensitivity and uncertainty
' analysis are needed. These tools have been widely developed in the past, in particular for the

assessment in the 1970s and 1980s of the performance of fast reactors.
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In the following sections we performed, in a breakdown by applications,.a preliminary
study on the impact of neutron data uncertainties on the neutron reactions of the-reactor, using
the all neutron reactor spectrum by the hypothesis of partial energy correlations.

Finally, an approach to define a set of optimized integral experiments in order to reduce

uncertainties on the reference systems has been proposed.

Neutron nuclear data requested in fast fission reactor technology

The common needs in fission reactors are concerned with the improvement of specific
neutron cross-sections for fast reactor design calculations and modeling. Furthermore, the
specific requests include the neutron data for specific reactor working and safety aspects such
as reactor shielding and safety analysis, radiation damage and neutron flux monitoring;
reactor coolant activation and reactor materials.

The neutron data are organized in a matrix form as follows. The columns contain the
elements or isotopes and the rows comprise the various types of neutron nuclear reaction data
requested, including also the accuracies (usually +10). It is supposed that these matrices
should serve as input data for basic and multivariate statistical analysis," either for
measurements or for evaluations.”

The specific needs in fast reactor design and control calculations suppose the extending
of knowledge of the neutron absorption\ and inelastic scattering properties of reactor materials
acting on the reactor neutron spectra.

The reactor shielding calculations include nuclear neutron data of neutron emission, Y—
production, elastic and inelastic ‘scattering data for different shielding materials and the
interpretation of experimental shielding benchmark results.

The estimation of radiation damage of pressure vessels supposes specific tasks related
to improvement of the accuracy of neutron activation reactions used’for flux-monitoring
purposes inside reactors.

A number of requests are concerned with improving of standard reference data needed
to convert relative cross section measurements to absolute values.

A small fraction of the overall nuclear neutron data requirements mcludes asks for

safeguards and biomedical purposes.

321



Measurement uncertainties

Commonly there are two categories of uncertainties:
1. Random uncertainty which is different for each measurement of the same quantity. In
repeated measurements it get a different value each time. Often it is assumed to be statistically
independent, but usually it is not. '
2. Systematic uncertainty that is the same for each measurement within a group. It is the
component of measurements that remains unchanged. It can be caused by error in calibration
or zeroing.

In neutron cross-section experiments, sources of uncertdinties include:
1) Random uncertainties from counting statistics for primary process and monitoring process

and given by background of the measurement. Usually it is easy to assess them.

il) Systematic uncertainties connected with integrated beam intensity, target impurities, target

thickness, detector efficiency, count rate corrections, measurement geometry, corrections for
contributions from other processes, etc. Such types of experimental errors require being
carefully analyzed/estimated.

The best estimation of uncertainties in the measurement data is based on a thorough
understanding of probabilistic nature of the fluctuations in the data. In neutron physics, we are
fortunate to have control over the measurements. Then we need to calibrate and study the
measuring devices. Observing the measurements to characterize random fluctuations, we
calculate the shape of the probability density function and the standard deviation/variance of
fluctuations. Then we identify and try to explain the presence of outliers. Later we calculate
the correlation matrices and perform the multivariate statistical analysis (in particular, Factor

Analysis).

The application 6f factor analysis in nuclear neutron physics

Our aim is to present a short overview of factor analysis and probabilistic modeling, to
cover basic Factor Analysis methodology relevant to nuclear neutron physics, especially cross
section evaluation and to point the way to how to do it. Furthermore, we wish to demonstrate

that Factor Analysis is a reasonable approach to applying for measurement uncertainty.
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Factor Analysis approach is concerned with the few main factors central to
understanding quantifying the degree of uncertainty. It can simultaneously manage over large
neutron data basis, compensate for random error and invalidity, and disentangle complex
interrelationships into their major and distinct regularities.

The most often employed techniques of Factor Analysis is the R-mode Factor Analysis
which is applied to a matrix of correlation coefficients among all the variables. Specifically,
such correlation matrix present the following features:

1. The Pearson’s coefficients of correlation express the degree of linear relationship between
the row and the column variables of the matrix;

2. To interpret the coefficient, it is necessary to square it and then multiply by 100 and this
will give the percent variation in common for the data on two nuclear variables;

3. The Pearson’s coefficient of correlation between two variables is the cosine of the angle
between the variables as vectors plotted on the coordinate axes;

4. When the correlation matrix is to be factored, the pn'ncipal diagonal contains communality
estimates which measure the variation of a variable in common with all the others.

Correlations in the fission cross-section are best represented by the covariance matrix,
whose diagonal and off-diagonal elements represent the standard deviations -and- the
correlations, respectively.

After factorization, the factors (columns) represent the significant meaningful
independent/uncorrelated patterns of relationship among the variables. Their loadings
measure the fcaturesvof the probability distribution that are in general not known for nuclear
models. The rotated factors delineate the distinct clusters of relationships, if such exist. The
factor score matrix contains the scores of the patterns which can be ascertained for the

variables
The proposed approach
Uncertainty assessment using R-mode factor analysis

- To make a nuclear neutron data evaluation we should to determine the set of

independent neutron reaction channels and the grid of neutron energies.
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The sensitivity coefficients of an integral parameter R to variations of a nuclear neutron problem of uncertainty data requirements v; for parameters ! not correlated among

“e themselves):
data o is defined as )

Ziz-=min,.1 =1...L, 5)
TV
Se
where L is the total number of parameters that fulfils the condition
5. =s.0=|ls " Zs:,vf <(RN,..n=1,..,N ©)
. where N is the total number of integral parameters, S, are the sensitivity coefficients for the
integral parameter R,, R! are the target accuracies on the N integral parameters, 4; are the
Sw i S significance parameters related to each o; and account for the difficulty of improving that
. ' . parameter (for examﬁle, reducing uncertaintieé with an appropriate experiment).
: kwhere Siai = aj’i.’ % (2) and i, x and j are the indices for the isotope, cross-section type

The sensitivity coefficients
and the energy group, respectively.

variance matrix is S - .
The ¢ : ! The sensitivity coefficients of neutron source are

\ P \%4 .
1-"12 N ; ‘ i an. o, P 1p \ ‘

v, : Sy=P-—L.—L="L [n¥c ndt 0

. _aaj np Np oo v
V=WV )= e Vi 3) ’ o
s where effects due to the neutron production cross-section (e.g., by spontaneous fissions) P;

) cross-section variations are supposed to be negligible.

| /R Vv i

Factor analysis application to some neutron data
Then the uncertainty on the integral parameter can be wrote as: S
From uncertainties and variances for U and transuranics nuclear data using integral

experiment analysis, one can distinguish among four classes of isotopes:

AR = SIVS, )

w

: _ i ‘ : 1. Major isotopes as U, 2*U and *°Pu;
Further a formal approach was adopted in order to establish the target accuracy requirements » 2. Other U and Pu isotopes as 2¢U, 26U, 2%pu, 2°py, 2'py and *?Py;
regarding cross-section data uncertainty reduction. It consists in solving the minimization :
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ini BTN Wl U2p UIp 242~ 244 U,
3. Minor actinides up to >**Cm as *’Np, > Am, ***Am, > Am, ***Cm, **Cm and ***Cm;
4, Higher mass minor actinides;

and 5 energy regions (Figure 1):

i) The region above the threshold of fertile isotope fission cross-sections;

ii) The region of the continuum down to the upper unresolved resonance energy limit;
iii). The unresolved resonance energy region;

iv). The resolved resonance region;

v). The thermal range

10* -
100 -
10?2 -
10t |-

Neutron cross section (barn)
—t
?
T

lo—l - -
10-2 |- =
oL ) /

1074 - (n, a) T
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10-2 10! 10° 100 ‘1?2 100 10* 10° 10° 107
Neutron energy (ev)

Figure 1. Energy distribution of neutron flux at the reactor.

No correlation among different reactions or different isotopes has been considered at
this stage. The uncertainty values are consistent with the five distinct regions of energy
(Figure 1). In the resonance region, the uncertainties are for broad energy-average cross-
sections, and do not apply to individual resonances.

’ A few relevant factors were underlined (F1, F2 and F3):
F1. For some major isotope reactions the factor values of R-mode factor analysis of neutron
data are fairly close to specifically evaluated data. This factor includes %y or, 28U a,, °U

Oy, etc.
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F2. In this factor the evaluated data uncertainties are very low and not consistent with the
performance of neutron data in integral expenment analysis.

F3. The evaluated data are similarly with the estimated variances (partial energy correlation).
Conclusion

In this paper we developed a Factor analysis approach to predict‘ important nuclear
cross-sections and quantify uncertainties in those predictions. Funhermdre, increased
sensitivity‘ of neutron scattering results obtained with this approach has contributed to better
assessments of past neutron experlments

This study shows that the combination of Factor Analysis and nuclear neutron physms
gives' an improved model for neutron experiment evaluations and uncertainty degree

quantification. Also it has quite appropriate statistical characteristics.
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Experiment for the measurement of the neutron-electron scattering Iength in liquid Pb,
at the TS-3000K thermostat from IBR-2 reactor

C. Oprea, A.L Oprea, G.S. Samosvat, V.G. Nikolenko, V.V. Savostin, V.M. Morozov, Zh.A. Kozlov

FLNP-JINR, 141980 Dubna, Russian Federation

Abstract. At the DIN-2PI channel from the IBR-2 reactor an experiment for the
measurement of the neutron-electron scattering length on molten Pb using the thermostat TS-
3000 K was realized. i

Introduction. At the channel DIN-2PI from IBR-2 reactor t the TS-3000K device (very
high temperature thermostat) an experiment for evaluation of the neutron-electron scattering
length obtained from the structure factor S(q) for liquid metals is proposed. The first proposed
experiment is on liquid Pb (low melting point) and in case of good results other experiments
on liquid metals with higher melting points will be proposed.

The literature data on neutron-electron scattering length lead to discrepancy in theoretical
interpretations of the results obtained. It is connected with difficulties of the precise
measurement of the neutron-electron scattering length, this one being very small and negative
(~10" fm) [1].

The measurements effectuated at the end of 2006 and of the working time of the IBR-2
reactor had a methodical character. First, these measurements demonstrated that the TS
3000K device is in working state and ready for experiments. We mention also that during
2006 were also effectuated other measurements on some metals (Ta and V) up to 2300 K
(Kelvin degrees) [2] and some tests without any samples when the temperature on the TS
3000K was increased up to 2700 K. The TS3000K device was designed and projected to
National Institute for Physics an Nuclear Engineering (http://www.nipne.ro), Bucharest,
Romania. .

Very shortly we presents the goal and the research area of TS 3000K device. ~

Goal .

- to heat and to maintain with high precision the temperature of a large sample (¢= 80x8
mm?) in order to perform inelastic and quasi-elastic slow neutron scattering and neutron
diffraction experiments in vacuum in condensed matter field, over a very large temperature
range (up to 3000 K).

Research area

< Investigation of oxygen disorder, thermal parameters, lattice vibrations and elastic
constants of the nuclear fuel oxides as: UO,, THO;, PuQ;, at temperatures up to 3000 K; )

" - Structure and dynamics of the liquid metals and alloys both in the high purity state and
with impurities; '

- Investigation of the material for fusion reactors at temperatures up to 3000 K;

- Investigation of the fast ion conductors lattice dynamics (super-ionic) using neutron -

scattering techniques;
- Large and small angles neutron scattering experiments of disordered materials;
- High temperature mass spectrometric measurements
- High purity materials v
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] Operator Interface - [Spectrometer]

Fig.1. TS-3000K installation

Fig. 2. TS-3000K General view
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“ A" brief theoretical overview. The question of the measurement 9{ the neutron —
electron scattering length was started in the *40 years of the last century and is connected w1t,h
the supposition that the neutron has an internal electromagnetic structure. From Yukawa’s

theory -the neutron is not an elementary particle. The neutron is a structure of a proton

a cloud of negative pion allowing the strong interaction of the neutron. Fror'n
f}?ix:(:;;g;itli)gn the neutron rgnust have a non zero electr‘ical dipple moment. This mO{n;l:nt is
very small but in principal can be evidenced by the interaction of. the neutron wit 1any
electrical charged particle and in our case with electrons of the atomic shells of the nucleus

references from that).

(see [3]Tat?g g:::hors from [4] proposed a new method for t'he extraction _°f the neutron —
electron scattering length from the structure factor S(q) ol.)t'amed from the interaction of the
neutron’ with noble gases. They have proposed an empirical model for the experimental
stricture factor which take into account the diffraction effects on the structure of the local
orders. The structure factor has the following form [3]:

-

S (q) =1+ Bf (@) +[¥ + Bf (9)1[S(9) 11, )

nC(q)

1=
S(q) T=nC(@) o |
C(g) = Ale"”"Sin[zﬂ + A4)
A3
S™(q,) 3
exp =

Y™ (q) 5@

The parameters from (1-3) are described very well in [3]. . o
An improvement of the method proposed in [3] is realized by using in our case a

model for liquid Pb described in [4].

S (q)=1+Bf (9) + [y + Bf (91[S(9) -1}, 1)
nC{(q) @
S(g)—-1=—""—
@ 1=nC(@)
_. [tqo)? Gsin(qa) ~ go cos(go) + B(q0)* 20 sin(g0) - (go)* —2) cos(ga) —2]} @)
nC@ = =241(a0) + }’[(4q 3g? —24q0)sin(go)—(q* o * ~12¢% 0 +24)cos(qo) + 24]
2
n
2 3 - 67)(1 + —2—)
y= T2 a_(1+27;) n=9 g_ ‘ )
—T_ U= I/ s Y
2 (1-n)* 6 (1-n)

o - radius of the atom and parameters of the fit are G, bne, K '
The proposed function describes well the experimental data but not .descn'bes the attenuatlpn.
To describe well the attenuation before the function nC(q) we have introduced an attenuation
term of the form a exp(-bq). i

Results and discussion. The evaluation effectuated in [1] using Fhe both .rr.lodels
showed that if we want to obtain the neutron — electron interaction length with a gecmon of
with a precision of 107 it is necessary to measure S°¥(q) with a precision of 10™ Also we
must take into account that in the case of liquid Pb (metal) the diffraction effects will be 2
order of magnitude higher than in the case of noble gases. The authors froran [4] prqposed th.c
following value for neutron — electron interaction length, b =~1.35x107 fin. This value is
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in contradiction with that proposed in [3] where the author suggests a value of
b,, <—-1.4x107 fin which is in agreement with the Yukawa’s theory of the nuclear forces.

Structure factor on Pb
2.5

o 2 4 6. 8 10

Q, nm”

Fig. 4. Preliminary measurements-Liquid Pb with TS3000K device

In the figure 4 we have the experimental structure factor of the liquid Pb. Unfortunately until
now. One of the main causes is the very short time for the experiment. Due to the liquid Pb
the diffraction effects were amplified. In the future it is necessary to effectuate measurements
at the more intensive neutron sources. In the Pb atom the electron shells are not closed and the
magnetic moment of the neutron will interact with the spin of the un paired electron. Also the
magnetic moment of the neutron can interact with the electric field of the nucleus (Schwinger
interaction). All these interaction must be evaluated as well as possible for a successful
evaluation of the neutron — electron interaction length, :

The work was Suppoxted by the grants of the Romanian Plenipotentiary Representative
to JINR in the 2005 and 2006, the National Institute for Physics and Nuclear Engineering

from Bucharest — Romania, the Laboratory of Neutron Physics of JINR Dubna and IPPE
Obninsk from Russian Federation.
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«7ERO” EXPERIMENT AND FINAL RESULT OF THE MEASUREMENTS
OF THE P-ODD ASYMMETRY IN THE °Li(n,0)’H REACTION.

Vesna V. A.l, Gledenov Yu. M.z, Nesvizhevsky V. V.3, Petukho;/4A. K.3,
Sedyshev P. V.2, Soldner T.%, Shulgina E. V., Zimmer 0.>

! Petersburg Nuclear Physics Institute of RAS, Gatchina, Russia.
2Frank Laboratory of Neutron Physics, JINR, Dubna, Russia.
3Institut Laue-Langevin, Grenoble, France.

“TU Miinchen, Garching, Germany

The "zero" experiment for the P-odd asymmetry in the reaction ®Li(n,0’H
has been carried out at the PF1B instrument of the ILL rgactor. An obtained result
is op = -(0.0 = 0.5) 108, Earlier, the P-odd asymmetry coefficient of triton
emission in main experiments has been measured to be equal to & = - (8.6
+2.0)-10%. Comparison of these two results shows that the effect of the P-odd
asymmetry in the main experiment is really due to the studied re:action.

INTRODUCTION

Present experiment has been performed within a framework of program op‘
determination of the weak meson-nucleon coupling constants, especially a pion constant f; (in
the literature f, is also frequently called h; or h',), which is dominated by neutral currents in

the nucleon-nucleon (NN) weak interaction.
Our current understanding of nuclear parity violation is far from comple?e [see, e. g.
Refs. 1 — 3]. Still there is the question how to describe NN parity violation starting from the

Standard Model. The difficulty is twofold: these experiments require high precision to discem/ ,
the small parity violation signal, and in theory, the nonperturbative character of the quark-’

gluon dynamics makes a “first-principle” formulation of parity violation NN interactions as
yet impossible. From the other hand, the study of PV phenomena is valuable for many reasons

[see, e. g. Ref. 4]. First of them, it is only way to study the neutral weak interactions between;

quarks at low energy.

The most complete theoretical description of NN parity violation is an approach of ;
Desplanques, Donoghue and Holstein (DDH) [2, 5]. According this model, at low energy the

electroweak NN interaction is described in terms of the exchange of the lightest mesons 7, p,
®. Weak NN-potential is parameterized by a set of weak meson-nucleon coupling constants:

Srs hg, h},, hlz, , h:, hg, h;,, where subscript denotes the meson-mediator, and superscript is*

the amount of the isospin transfer (AT). All the physics of W and Z gauge bosons exchange -

between the quarks is hidden inside of these constants. The f,, constant is important because
"it is completely determined by electroweak neutral currents. DDH provided theoretical .

“reasonable ranges” and “best values” for the meson-m{cleon coupling constants using S.U(6)WL
symmetry, constraints from non-leptonic hyperon decay data, and the quark model to estimate

" the experimentally unconstrained terms. There are other works devoted to estimations of the
“coupling constants [6 — 9]. Some of them give the couplings significantly differ from the
DDH “best values”. The experimental results from nuclear and hadronic PV measurements
have been analyzed using the DDH framework, leading to constraints on combinations of the
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that typically enter PV observables [1, 3, 10, 11]. The results are in general agreement with
the DDH reasonable ranges, though the ranges themselves are quite broad, and the constraints
from different experiments are not entirely consistent with each other. A particular quandary
involves f, The constants, which are dominated by charged currents, are in consistent with
the DDH “best values”. From other side, the neutral current f, constant varies within a broad
range from O up to ~ 9-107 for different experiments (the DDH “best value” f, = 4.6-107).
The strongest restrictions on the f, value were obtained from the *F experiments: -1.0-107 <
fz<1.1:107, ) )

‘A meson-exchange model may be not a best representation of the NN interaction at the
quark level. During last years the weak NN interaction effects have been analyzed actively in
the framéwork of the effective field theory [3, 12, 13]. This approach is more general and
systematic compared to the one-meson-exchange model. Nevertheless, the results of DDH
still remain as the benchmark for the PV meson-nucleon couplings. Despite strong activity in
this field, the progress in our understanding of weak NN interaction is still low. The reasons
of it are both experimental and theoretical. The experimental problems are due to small size of
P-odd effects for NN interaction and few-nucleon systems, the theoretical difficulties arise in
trying to express the observables in terms of weak coupling constants, especially for the
precise data from many-body systems. A conceptually simple observable sensitive to fis the
P-odd asymmetry of emitted y-quanta from the np—dy reaction with thermal polarized
neutrons. Now, this experiment is in progress at LANSCE [14]. However, the expected effect
is only 2:10® in the best case, and reaction cross section is rather small ~0.2 b. According
estimations, statistics accumulation takes not less than 1 year of beam time at the LANSCE
instrument. , ) )

In our opinion, a very promising alternative approach is the. reactions of slow
polarized neutrons with light nuclei (A=6-10), in particularly, the ®Li(n,c)>H and "°B(n,o)’Li
reactions. Light nuclei, including *’Li and '®'B, are well described in cluster and
multycluster schemes [15, 16]. Then the task of calculation of the P-odd effects can be solved,
using methods, applied for the few-nucleon systems. In Ref. [17] within the framework of
such approach the P-odd correlation of the triton emission in the SLi(n,ct)>H reaction with the
thermal polarized neutrons was calculated, and expression in terms of weak meson constants
has been received: '

Cpye =—045f, + 006k . e

Estimations show, that the possible contribution of neutral currents to the values (1) is
about 30-70 %. Expected value of the P-odd correlations is about one order of magnitude
more than those for the n(p,y)d reaction, and large cross sections with thermal neutrons (940"
b)-gives the possibility to get the P-odd asymmetry with an accuracy of ~10"® for reasonable
beam time. ‘ e T

EXPERIMENTAL SETUP AND TECHNIQUE. MAIN RUNS RESULT

- We performed three series of experiments on ‘the measurements of the P-odd
correlation of the triton émission in the_“Li(n,a)3H reaction, one at the Petersburg Nuclear
Physics Institute (PNPL, Gatchina, Russia) at-a vertical neutron beam of a PWR reactor [18]"
and two [19, 20, 21] at the PF1B instrument [22] of the reactor of the Institute Laue-Langevin
(LL, Grenoble, France). A multisection ionization chamber was used as a charged particle
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detector -[23]. The targets utilized practically whole neutron beam and convert it to the
secondary particle emission. The current method of event detection was applied [24, 25]. The
current in the detector circuit was converted to the voltage and accumulated by the capacitor
of the integrator. The measured effect was determined as a subtraction of integrator voltages
at different neutron polarization directions. The longitudinally polarized neutron beam was
used in main runs. In order to remove the apparatus instabilities the neutron polarization was
changed every 1 — 2 s. The detector was designed as a two-channel system. The signs of
investigated P-odd effect in the detector channels was opposite at synchronous measurements.
At subtraction of synchronously measured values of effect for each channel the compensation
of the reactor power fluctuations was occurred. In order to remove an influence of the
electromagnetic signals induced by other working facilities the direction of the guiding
neutron spin magnetic field at the detector was changed periodically. The contribution of the
1nduced signals was canceled at subtraction of cffects at different guiding field directions.
About an ionization chamber and experimental technique one can find in Ref. [23]; a
modemized data acquisition system is described in [19, 26]. THe result of three main runs is

[20,21)
dpne=-(8.6+£2.0)-10%.

We empbhasise that the three stages of signal evaluation all work with differences:
1. between variable parts of the signals (absolute effect of the P-odd asymmetry) for opposite
_. neutron spin polarisations; these differences are calculated for every pair of measurements
for both detectors.
2. between the absolute effects for the two detectors (using compensatlon coefficient [18-21,
©23,26]). Since the P-odd asymmetries in the detectors have opposite signs, the effect is
doubled. These differences are calculated for each direction of the guiding magnetic field.
3. between the effects for each direction of the guiding magnetic field. P-odd effects are
* added in this case, because they have opposite signs. )

At each of the 3 stages of calculation described above we subtract values measured for
two opposite conditions. Effects of equal sign and equal size thus cancel, and the asymmetry
persists. A combination of the procedure for the compensation of the reactor power
fluctuation, a periodic change of the guiding field direction and certain sequence of data
acquisition and treatment allowed one to compensate all possible false apparatus effects.

Taking the third difference, for instance, any influence of the guiding magnetic field

on the currents in the chamber, or changes in neutron absorption as a function of the field
direction would cancel unless the effect is due to P-odd effects from impurity nuclei. This

conclusion is valid as well for electromagnetically-induced false effects. Such influences were -
checked many times using electronic test signals as described in refs. [18-21]. For instance, a.

small effect was caused by switching the radio-frequency of the adiabatic spin-flipper on and
off. After normalisation with the constant signal components and the coefficient of
amplification the measured asymmetry contained a false shift of -(0.4-:1.5)x10'9 [27]. This is
considerably smaller than the experimental uncertainty. The identical treatment of the results
for two detectors and for the two directions of guiding magnetic field thus allows us to avoid
completely any influence of parasitic electromagnetic effects. The Earth’s magnetic field and
stationary magnetic fields from other experimental installations are not shielded. These
magnetic fields could increase a contribution to the P-odd asymmetry of the left-right
asymmetry, which has the same sign for opposite directions of the guiding magnetic field
[28]. If the number of series for the opposite field directions is equal and the results of these
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measurements are subtracted from each other, as described above, the contribution of this
effect is suppressed.

The left-right asymmetry for the correlation &,-[p,xP,] cannot be compensated
because of it also changes its sign with changing direction of the guiding neutron spin
magnetic field at the detector. In the considered reaction this coefficient is dfix = (1.06 £
0.04)-10* [29]. In order to reduce the effect of left-right asymmetry we align these three
vectors within accuracy € ~ 1072, that can be readily achieved. Then, as it can be easily seen,
the conmbutlon of the left-nght asymmetry decreases in proportion to €7, falling below a
value of 10, The control experiments for the contribution of the left-rlght asymmetry are
described in Refs. [18 - 21]. :

P-ODD EFFECTS CAUSED BY IMPURITY NUCLEI

Parity violating effects due to contaminant nuclei in the target cannot be compensated.
A source of such background on the signal is the reaction of neutrons with the construction
materials of the experimental installation, from which charged particles, y-quanta and
electrons from B-decay of radioactive nuclei are emitted. These false effects cannot be
reliably estimated and cannot be tested in measurements with unpolarised neutrons.

A potential source of false effects is the asymmetry in the B-decay of nuclei with small
lifetimes; in this case a non-zero nuclear polarisation after capture of a polarised neutron can
persist until - -decay. The most abundant (~10%) impurity in the target material is "Li, which
produces BLi (Ti2 = 0.84 s) by neutron capture. In [30] the § asymmetry of a pure "Li sample
was measured as a =-0.08 £ 0.01. In our present setup, with an average energy of ~ 13 MeV
the B-particle passes through nearly the entire sensitive volume of the ionisation chambers.
The absorption is low and the energy is released in forward and in backward chambers The
P-odd effect due to B-particles from 'Li in the targets was estimated to be below 3x107°. The
small value is due to the small neutron cross section of Li compared to that of SLi; due to
small fraction of "Li in the target; and due to the small absorption of B-particles in the
chamber.

The ionisation chambers are assembled using materials containing fluorine F. The
halftime of °F is Ty, = 11.16 s; and the end-point energy of the B-particles is 5.4 MeV. One
cannot exclude a P-odd effect with B-particles either. It is hardly possible to estimate the
contribution of this reaction to the P-odd effect, given our poor understanding of the mass of
F and the flux of neutrons scattered through the construction materials of the chamber. It i is
also true that the degree of nuclear polarisation after capture is uncertain. Therefore this and
similar effects were 1nvest1gated by the zero experiment described below.

In the reaction Cl(n,p) 5S a P-odd proton emission asymmetry was found with a large
coefficient of a=—(1.5£0.3)x10™ [31]. The proton path in aluminium is 1.5 mglcm Thus, -
these protons can not traverse the aluminium foils surrounding the targets (their thlckness of
14 pum corresponds to 3.78 mg/cm?). Therefore protons from possible Cl impurities in the
targets can not contribute to the P-odd effect. Even if the Cl admixture in the aluminium foils
were as high as unrealistic-1%, the calculated ratio of chamber current due to-protons to
current due to tritons from °Li would be as low as ~ 5.7x10™°,

Calculations showed that an additional P-odd asymmetry due to ¥- quanta from all
known-cases is lower than 10"'°. The P-odd asymmetry for B-decay of various nuclei with
long. half-life in the construction materials (for instance, B-decay of aluminium) is not
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significant either, because those nuclei decay within a few minutes, and the interaction of the
nuclear magnetic moment with the atomic environment immediately destroys nuclear
orientation produced by polarised neutron capture.

As it is difficult to provide a complete estimate of all contributions to the P-odd effect
from impurity nuclei, we performed a control experiment.

“ZERO EXPERIMENT”

Studies of tiny -asymmetries usually include a control measurement (“zero
experiment”) with a polarised neutron beam, in which the products of the reaction are not
detected.

Total absorption of the tritons and o particles is provided by additional 20 pm thick
aluminium foil covering of the targets. All results in this section are given normalised to the
constant component of the detector signal in the main experiment and to the solid angle and
neutron polarisation, in order to make them directly comparable with the asymmetly in the
main experiment. The result obtained at PNPI in Gatchina was ao = (2.0t1. 7)x10 [18]. The
zero-test carried out at the PF1B neutron beam at the ILL was performed with a neutron
polarisation of more than 94% and yielded [27]:

-

aO- test

=(0.0+0.5)x107®. 12)
Note that this measurement also tests for influences of electronics and noise from the
flipper. In addition, we also carried out an asymmetry measurement with the neutron beam
switched off which is sensitive to these latter effects, only. The result is [20, 21]:
=—(0.60.5)x10". 13)

nols:

Hence, all these false effects are at least 10 times smaller than the observed asymmetry. '

FINAL RESULTS

Table 2 shows the results of the three measurements of the P-odd asymmetry.

coefficient in the reaction *Li(n,0)’H obtained by the authors. The results in tables 1 and 2 are
corrected for the neutron polarisation P and for the effective solid angle of triton detection £

Table 2.
P'Q aP—odd aO—te:t anoi:e

PNPI, vertical | 0.66 | -(5.46.0)-10° | (2.0£1.7)-10° (18] ..
channel

ILL,PBIB | 0.66 | -(8.1+3.9)-10® (0.620.4)-10° [19]
beam

ILL, PFIB 0.70 | -(9.322.5)-10° (0.020.5)-10® -0.6+0.5)-10% | [20,21]
beam

Average -(8.6+2.0)-10% 0.240.5)-10° (0.120.3)-10°
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We measured the parity-violating (P-odd) triton emission asymmetry coefficient ap.aa
in the ®Li(n, o)°H reaction with polarised cold neutrons. Taking into account an additional test
for a false asymmetry due to eventual target 1mpunt1es (“zero test”) we obtain the final value
for this experiment: :

ap.oga = (-8.8 £2.1)x10°®

We analyse this result within the nuclear cluster model. Using the formula (3) for the
relation of the P-odd effect with the effective weak couplings and supposmg that the charged

weak current constant is given by the DDH best value hﬁ- — 11.4x107, the neutral weak
constant f, and its uncertainty would be given by: '

f.= (0.4i0.4)x10'7.

Keeping in mind that the weak constant has to be positive, we obtain the following constrain
for the neutral weak constant at 90% confidence level:

0< f, < 1.1xlp‘7.

This result agrees with the most precise value obtained in the measurement of circular
polarization of y- quanta in the reaction with *F [32]:

f. =03 22)x107

However, it contradicts to the “best value” 4.6x10™ for the weak constant in the‘DDH model.

This work is supponed by the Russian Foundation for Basic Research, Grant No. 07-
02-00138-a. -
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